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Abstract 
In this thesis the electrochemical deposition of polypyrrole (PPy) into nanowire and 
bulk morphologies is reported. The electrochemical properties of the different 
conformations of PPy were examined in order to ascertain their conductivities and 
surface areas. This could determine the optimisation for further modification of the 
polymer with, e.g., copper structures forming an electrochemical sensor for the 
detection of the nitrate ion.  PPy nanowires were electrodeposited onto gold electrodes 
using slightly acidic anions (Na2HPO4) and non-acidic anions (LiClO4) at a fixed 
potential of 0.80 V vs. SCE. The nanowires produced had an average diameter of ca. 
89.2 nm, n = 50. Bulk PPy was electrodeposited using similar conditions, but the pH 
of the solution system was reduced using concentrated HClO4. This resulted in a bulk 
polymer with a higher surface area, so a second bulk polymer, of similar surface area 
to the nanowire films, was formed by reducing the electrodeposition time/charge 
consumed. Both of these bulk polymers were compared with the nanowire morphology 
of PPy using the electrochemical techniques of cyclic voltammetry, (CV), and 
electrochemical impedance spectroscopy, (EIS). Impedance data were fitted to 
equivalent circuits and the polymer resistance, the double-layer capacitance and the 
polymer capacitance were determined. The results indicated that the electrochemical 
properties of the polymers changed as the polymers went from an oxidised to a reduced 
state, i.e., their resistances and ability to store energy, confirming their optimum 
working potential range. 
The second section of this thesis seeks to develop a miniaturised analytical device that 
can deliver real-time information on changes in tissue pH. Many different pH probes 
exist, but they present many limitations including fragility, difficulty in miniaturising, 
potential drift, and difficulties in accurately measuring pH in solutions of varying ionic 
strength. There therefore remains a pressing need for more robust, pH sensors that can 
accurately sense pH changes in hostile surroundings, e.g., the highly resistive tissue 
found in the clinical environment. 
 In this study, carbon paste electrodes (CPEs) and carbon fibre electrodes (CFEs) were 
modified with a quinone containing diazonium salt, FBRR, by electrochemical 
deposition. In buffered media, the quinone/hydroquinone redox system involves 
Abstract 
 
xiii 
 
changes of the protonation state of the molecule, resulting in the observation that 
potentials vary with pH in a Nernstian manner.  This behaviour was used as the basis 
of the electrochemical pH sensor. Various deposition conditions were employed to 
give the optimum and most efficient method, while organic and aqueous solvents were 
employed as the supporting electrolytes. Using either solvent the electrochemical 
techniques of CV, and linear sweep voltammetry, (LSV), were applied, optimising 
FBRR deposition by varying parameters such as potential window, scan rate and 
number of cycles/sweeps. Modified CPEs were calibrated for their pH response by 
CV, showing a response slope of −60.36 ± 0.89 mV/pH, n = 23. The surfaces of bare 
and derivatised CPEs were analysed by scanning electron microscopy, (SEM), coupled 
with energy dispersive X-ray, (EDX). 
After in-vitro development of a working pH sensor, a full characterisation was carried 
out, over the required pH range. This aimed to assess the sensor sensitivity, operational 
and storage stability, biocompatibility, and the effects that multiple interferences, 
found in the in-vivo environment had on the sensor performance. In-vivo voltammetry 
conditions were mimicked by changing the operational temperature and using a 
physiologically suitable reference electrode. An extensive study into the effect that the 
carbon: silicone oil content of CPEs had on the electrochemical properties of the 
modified electrodes was carried out using CV and corroborated by SEM and EDX 
surface analyses. These analyses concluded that although the electrodes appeared to 
perform better when exposed to proteins and lipids, the level of improvement did not 
justify the additional two days required in the manufacturing process of the sensor. 
The in-vivo application of the pH sensor was subsequently examined.  The sensor was 
inserted into the hind limb muscle of anaesthetised rats. A pH change was induced 
locally to the limb by applying a tourniquet to restrict the blood flow and induce 
ischemia. This caused an increase in CO2 levels thus reducing the pH. After a short 
period of time, ca. 10 minutes, the tissue pH was allowed to recover.  To induce an 
increase in the pH, injections of NaHCO3 were administered locally showing an 
immediate change in the observed potential, which recovered soon after. These 
changes in potential, of which pH was a contributing factor, were successfully recorded 
in real-time. 
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1.1 Introduction 
Within this thesis lies two separate domains. Chapter 3 of this thesis discusses the first 
of these. It describes the electropolymerisation of pyrrole in two different 
conformations, bulk and nanowire, specifically designed, (A) from the same 
electrochemical deposition parameters and (B) to have similar electroactive surface 
areas. Nanomaterials are attractive candidates for use as electrochemical sensors due 
to their high sensitivity and fast redox chemistry.1 The use of nanostructured materials 
has led to increases in efficiencies of electron transfer rates compared to the typical 
‘bulk’ morphology.2 Herein, a study of their electrochemical properties is performed, 
using cyclic voltammetry, (CV), and electrochemical impedance spectroscopy, (EIS). 
The relationship between the charge passed during electropolymerisation and the 
thickness of polymer formed is investigated, along with the effect of electrolyte on the 
electrical properties of the polymers. This introduction makes reference to 
nanomaterials and their properties, gives an outline of conducting polymers (CPs) and 
a description of their polymerisation, in relation to polypyrrole (PPy).  
The primary aim of the remaining chapters of the thesis, (Chapters 4-7) is the 
development of a carbon based sensor, electrochemically modified with a diazonium 
salt, capable of monitoring in-vitro pH changes, within the tightly regulated biological 
pH ranges, to a sensitivity of 0.01 pH units.  The aim of this work is to develop a 
voltammetric pH sensor, which measures changes in the redox potential of an 
electroactive surface attached species, 4-Benzoylamino-2,5-
dimethoxybenzenediazonium chloride hemi zinc chloride salt, also referred to as Fast 
Blue RR, (FBRR). Increasing medical and biological interest in cheap disposable 
analytical and diagnostic devices has driven research towards the development and 
adaptation of low-cost electronic sensing devices.  Carbon-based sensing materials are 
attractive substrates for this application since they are intrinsically biocompatible, 
conductive, and appropriate for surface modification.3 The reduction of diazonium 
salts onto carbon surfaces,4-6 pioneered by Savéant and co-workers7 in the early 1990s 
is a well-characterised method for the selective in-situ attachment of organic 
molecules. This mechanism involves the electrochemical generation of a solution 
radical from the diazonium modifier and subsequent covalent linkage to the carbon 
surface, which possesses excellent stability to external stimuli.8   
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Chapter 7 details a targeted application of the developed pH sensor, where pH changes 
were recorded in the in-vivo environment.  
 
1.2 Objectives and Achievements 
The first objective of this work was to deposit PPy onto a gold substrate in two different 
morphologies, bulk and nanowire. These were formed from the same electrochemical 
parameters resulting in polymers of different surface area. A second bulk polymer was 
specifically designed to have a surface area close to that of the nanowire polymer. The 
electrochemical properties of the formed polymers were compared using CV and EIS. 
An electrochemical comparison was carried out in order to determine which surface 
morphology could be easiest modified with e.g., copper structures for the detection of 
the nitrate ion. The effect of electrolyte solution on the electronic properties of the 
polymers was also investigated. All of this work is contained in Chapter 3. 
The main objective of the thesis was the development and characterisation of a 
voltammetric pH microsensor, suitable for in-vivo applications. Chapter 4 investigates 
the optimum electrodeposition parameters of FBRR onto carbon paste electrodes, 
(CPEs), resulting in a near Nernstian response over the biologically relative, pH range 
of 7.20 to 7.60. Following the optimisation of the electrode design, Chapter 5 applies 
a rigorous regime of test conditions to the pH sensor, to evaluate its suitability for use 
in the challenging in-vivo environment. These included stability testing and exposing 
the sensor to a range of conditions to determine its biocompatibility.  As well as CPEs, 
carbon fibre electrodes, (CFEs), were also used as a substrate for the pH sensor design. 
Chapter 6 discusses their optimisation, including their suitability in the in-vivo setting. 
Finally, the modified sensors are applied in-vivo, where pH changes are induced in live 
tissue using in-vivo voltammetry (IVV). 
 
1.3 Electrochemical Techniques and Theory 
 
A number of different electrochemical techniques were employed throughout this 
thesis. In the formation and characterisation of the PPy films the electrochemical 
techniques of CV, CPA and EIS were employed. For the pH sensor development, the 
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techniques used included, CV, LSV and CPA. These techniques are described in this 
section. 
 
1.3.1 Cyclic Voltammetry (CV) 
CV was a technique used frequently throughout this thesis, for the electrochemical 
characterisation of PPy films, including scan rate analyses, deposition of FBRR, 
determination of the pH response and interference studies. It was also used for in-vivo 
experiments, known as in-vivo voltammetry (IVV). CV is one of the most useful and 
widely applied techniques in electrochemistry,9 which reveals information about the 
nature of the electrode and the reactions taking place at the electrode/electrolyte 
interface. It involves scanning the potential applied to the working electrode, between 
two potential limits, and recording the current as a function of the applied potential, 
see Figure 1.1(B).10 The applied potential is ramped at a scan rate, ʋ, between two 
potential limits. The potential scan rate, usually varies from mV/s to V/s.11 The initial 
applied potential, Ei, is swept to a vertex potential, Ev, where the scan is reversed and 
swept back to the final potential, Ef, producing a triangular waveform over time, as 
shown in Figure 1.1(A). 
 
             
Figure 1.1: (A) Triangular waveform formed as potential is changed over time, and (B) typical CV 
showing the current/potential transient.  
 
For a simple redox reaction, Equation 1.1, where only R (a reduced species) is present, 
the current response of the forward scan is the linear potential sweep voltammogram 
as R is oxidised to O (the corresponding oxidised species) which produces an anodic 
peak. On the reverse scan, the reduction of O to R occurs, resulting in a cathodic peak.  
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                                                𝑹 ↔ 𝑶 + 𝒏𝒆−                           1.1 
  
 
The oxidation and reduction peaks in CV are formed, as potentials that differ to the 
equilibrium potential, Eeq, are applied to the electrode/solution system.  Figure 1.2(A) 
shows a system at equilibrium, where the highest occupied molecular orbital (HOMO) 
of the solution has the same energy as the Fermi level of the metal (working electrode, 
W.E.). As there is no net transfer of electrons, no current flows. Figure 1.2(B) shows 
the effect of applying a potential higher than the equilibrium potential, resulting in an 
oxidation reaction, of the solution species. Applying a potential, (Eapp), more positive 
than the equilibrium potential (Eeq), reduces the energy of the electrons in the W.E., 
reducing the energy of the Fermi level. The higher energy electrons, in the solution 
HOMO, transfer to the Fermi level of the metal, resulting in an oxidation reaction.  
Using the CV shown in Figure 1.1(B), it can be seen at (1) there is no current flowing 
as the applied potential is not far enough from equilibrium to induce electron transfer. 
As the potential is swept to more oxidising values, the oxidation of R to O begins, with 
a corresponding flow of current, (2). As the potential becomes even more positive, the 
concentration of R, at the electrode surface drops, causing a sudden influx of the 
reduced species to the electrode, and the current continues to rise, as R is converted to 
O with greater efficiency, until a peak maximum is reached. Once the applied potential 
becomes more positive than the system’s standard potential, E0, the concentration of 
the reduced species tends to zero and the current then begins to diminish12, as the 
diffusion layer thickens, (3). The potential then sweeps back through the equilibrium 
position gradually converting the oxidised species back to the reactant, by the 
corresponding reduction reaction.  
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Figure 1.2: Schematic of (A) an electrode/solution in equilibrium, (B) an electrode/solution system 
undergoing an oxidation reaction.  
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Figure 1.3: 13 Typical CVs showing their respective peak current and peak potential responses.  
As the system is scanned over the applied potential range, the changes in the current 
responses can be either faradaic, i.e., the oxidation and/or reduction of a species 
present, or non-faradaic, i.e., capacitive.14 Capacitance is defined as the ability of a 
material to store charge.15 There are three main parameters of interest, that describe a 
CV, the peak current, IP, the peak potential (EP), and the potential width at half peak 
Reversible Irreversible 
 
 
Ip  υ1/2 Ip  υ1/2 
Ep independent of υ Ep increases as υ increases 
Ep – Ep/2 = 59/n mV Ep – Ep/2 = 48/n mV [5] 
  
Quasi-reversible Adsorption 
 
 
Ip not proportional to υ1/2 Ip  υ 
Ep increases as υ increases Ep independent of υ 
Ep – Ep/2 = 26(, ) mV  Ep/2 = 90/n mV 
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(EP-EP/2). From these, various characteristics of the electrode/solution system can be 
defined, leading to four main CV responses, shown in Figure 1.3. Each response is 
characterised by a different shape of the corresponding CV.  The dependence of each 
parameter on the scan rate, υ, allows the characterisation of the electrochemical system. 
EP does not change with υ, for reversible systems. The IP changes linearly with υ1/2 for 
diffusion controlled, reversible and irreversible systems, and with υ for reversible 
adsorbed species. Generally, the voltammogram takes longer to record as the scan rate 
is decreased, this influences the diffusion layer thickness.16 At slow scan rates the 
diffusion layer grows much further from the electrode.  The influx of ions, to the 
electrode surface, will be smaller, as there is a smaller concentration gradient and the 
current will be lower at slow scan rates and higher at high rates. The correlation 
between IP and υ1/2 for quasi-reversible systems depends on the scan rate and the 
electron-transfer rate constant. Generally, there is no correlation between IP and υ1/2 at 
high scan rates, and for reactions which display slow electron-transfer kinetics. If the 
peak occurs at the same potential, i.e., does not change with the scan rate, fast electron 
transfer kinetics are present, indicating a reversible electron transfer reaction. The 
diagnostic equations used to probe the redox characteristics have been described in 
many electrochemistry textbooks.9, 11, 17  
Throughout this thesis, different sized electrodes were used, ranging in diameter from 
3 mm down to 7 µm. The CVs of microelectrodes are shaped differently to 
macroelectrodes as the geometry of an electrode dictates the mass transport to its 
surface.18 Therefore, diffusion dependant techniques, e.g., CV, effect the electrode 
response. The currents are lower at microelectrodes, due to their smaller surface area, 
but also the current goes to a steady-state19 value and is sigmoidal.20 This is related to 
diffusional processes. Microelectrodes are considered as a “dot” with the diffusion 
layer being hemispherical in shape and extending out into the solution. The amount of 
electroactive species diffusing to the electrode surface is limited by the volume 
enclosed by the increasing hemisphere, not like a plane projecting into the solution for 
a macroelectrode, see Figure 1.4. The time scale of the experiment plays an important 
role in the size of the diffusion layer at microelectrodes, and hence, the shape of the 
resulting CV.  For microelectrodes, the initial growth of the diffusion layer is similar 
to that of larger macroelectrodes, i.e., the diffusion layer is smaller than the electrode 
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surface and planar diffusion dominates. For short experimental times, e.g., fast scan 
CV, the size of the diffusion layer is smaller than that of the electrode, and planar/linear 
diffusion dominates, even at microelectrodes. Over longer experimental times, the 
dimensions of the diffusion layer exceed those of the microelectrode, and the diffusion 
becomes hemispherical.21 
 
Figure 1.4: Diagrams depicting the growth of the diffusion layers at (A) a microelectrode, resulting in 
hemispherical diffusion and (B) a macroelectrode, resulting in planar diffusion.  
 
1.3.2 Linear Sweep Voltammetry (LSV) 
LSV is considered a special case of CV, in that a potential sweep is applied to the 
working electrode, but the potential is scanned only once, in one direction. It provides 
useful information about the system under investigation. LSV is conducted in a 
stationary solution, thereby only relying on diffusion as a means of mass transport.22 
In this thesis, LSV was applied in the electro-reduction of FBRR onto carbon 
substrates.  
 
1.3.3 Potentiostatic Techniques 
Constant Potential Amperometry (CPA) involves the application of a constant 
potential to the working electrode, while monitoring the resultant current output, (I), 
with respect to time, (t). These plots are typically called transients to emphasise their 
time dependence. The potential at the working electrode is instantaneously stepped 
from the resting value, where no electrolysis occurs, to a value where conversion of 
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the reactants begins.22, 23  In this thesis, CPA was used in the formation of bulk and 
nanowire morphologies of PPy. An anodic potential, of 0.80 V vs. SCE, was applied 
to oxidise the monomer units, which polymerised and deposited onto the electrode 
surface. The resultant current was proportional to the rate of polymerisation occurring 
at the electrode surface.24  
A constant potential can be applied for a fixed period of time, (chronoamperometry), 
or until a desired charge is attained, (chronocoulometry). The charge passed can be 
calculated from the integral of the current.25 The total charge passed, after an electrode 
reaction, can be related to the thickness of a polymer film.26 
CPA was also used to pre-treat CFEs prior to the electro-deposition of FBRR onto the 
electrode surface, a practice which improves the electrode kinetics.27-29 This was 
achieved by applying a potential of 2.0 V vs. SCE for 30 s followed by -2.0 V vs. SCE 
for 10 s.   
 
1.3.4 Electrochemical Impedance Spectroscopy (EIS) 
EIS is a method used to examine several factors at the working electrode surface, 
including, the stability, kinetics, and double layer capacitance.30, 31  Impedance 
measurements involve the application of a small perturbing sinusoidal potential of 5 
or 10 mV, superimposed on the fixed baseline applied potential or versus the open-
circuit potential, OCP. A shift in the phase and amplitude of this sinusoidal potential 
can occur, resulting in an AC current. A frequency response analyser measures the 
difference in amplitude and time lag, θ, over a range of frequencies. Any shift in the 
phase or amplitude of the potential results from variations occurring in the 
electrochemical cell. An advantage to EIS is its ability to operate over a wide frequency 
range, which allows processes, with different time scales, to be detected within the 
same experiment. Slow processes, e.g., the diffusion of ions inside the bulk of a 
conducting polymer, can be probed at low frequencies, whereas fast processes, e.g., 
the formation of a surface double-layer are examined at high frequency.  
EIS was used in this thesis as an experimental method for characterising the 
electrochemical systems of bulk and nanowire conformations of PPy.  Experiments 
were recorded over a frequency range from 65 kHz to 5 mHz at various applied potentials, 
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from -0.50 to 0.50 V vs. SCE including the OCP. As impedance is only applicable to 
electrochemical systems that behave linearly and are in a steady state condition, the 
polymer films were conditioned for 30 minutes to ensure the system was under steady-
state conditions before the measurements were performed. The perturbing sinusoidal 
potential was maintained at 5 mV, which was low enough to keep the overall state of the 
system unchanged.  
In an EIS experiment the input signal is an alternating potential and the output signal 
is the corresponding alternating current which has the same frequency but a different 
phase. The phase angle, , and impedance, Z, are computed. The impedance results are 
displayed in two different graphical formats, Nyquist and Bode plots. In the Nyquist, 
or complex plane plot, the real and imaginary components (Z' and Z'') are plotted as x 
and y axis in a Cartesian system. In the Bode plot the modulus and phase of the 
impedance (Z and ) are plotted against the frequency. Typical Nyquist and Bode 
plots, for a bulk PPy film, are shown in Figure 1.5.  
These data are then fitted to equivalent electric circuits that represent real, physical 
components, of the electrical behaviour for the system under examination. Two main 
elements were used when fitting the data to equivalent circuits, resistors and constant 
phase elements. A resistor has no imaginary component and therefore, its value is equal 
to the impedance of the system.  Resistors represent the resistive elements in the 
experimental system, e.g., solution resistance and the resistance of charge transfer. 
Constant phase elements, can be used to determine the capacitance of the interface and 
also diffusion processes in the polymer layer. Constant phase elements are often used 
in fitting impedance data, instead of pure capacitors, due to surface roughness and 
electrode porosity.32 A constant phase element is defined by two parameters, an actual 
value (T) and an exponent (P). The CPE-T value gives the physical value of the 
constant phase element. The CPE-P gives information on the physical process 
occurring. When CPE-P = 1.0, the CPE behaves as an ideal capacitor. However, values 
between 0.8 and 1.0 are values consistently obtained for a porous surface, like PPy.  A 
value of 0.5 is indicative of a diffusion process and coincides with a phase angle of 
45°.  
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Figure 1.5: The impedance response of a typical PPy film (A) Nyquist plot and (B) Bode plots.  
 
 
1.4 Experimental Techniques 
1.4.1 Scanning Electron Microscopy (SEM) 
An optical microscope has several limitations that are overcome by an SEM.  Firstly, 
visible light has a long wavelength, ca. 550 nm, whereas with electron microscopes a 
voltage (kV) is applied to an electron gun, causing electrons to eject from a tungsten 
filament and accelerate down an optic column. The higher applied voltage, generates 
electrons with higher energy, and shorter wavelength, Equation 1.2.  Also, an optical 
microscope has a poor depth of field caused by a large aperture angle.  The aperture 
angle is defined as the angle between a line from sample to the lens centre and a line 
from the sample to the edge of the aperture opening.33 An SEM has a large focal length 
and a small aperture opening, giving a large depth of field.  
                                                      𝝀 = (
𝟏.𝟓
𝑽
)
𝟏
𝟐
                                                             1.2 
There are two main components to an SEM, the electron column and the control 
console.  The electron column contains an electron gun and a series of lenses that direct 
the electrons down to the sample.  The electron source, lenses and sample must be 
under vacuum as electrons cannot travel freely through air.   The SEM uses a focused 
 
 
 
 
 
 
A B 
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beam of high-energy electrons, from the electron gun, to generate a variety of signals, 
categorised by elastic or inelastic interactions,34 at the surface of solid specimens, as 
shown in Figure 1.6 (http//www. Jeol.co.jp). Many SEMs contain a tungsten filament 
that is heated by passing a current through it.  The filament emits light and an electron 
cloud forms around it.  Electrons emerge from the electron gun and are pushed down 
into the columns, by an accelerating voltage ranging from 1 to 30 kV, in a spray pattern, 
and are focussed to the sample through the series of electromagnetic lenses.  The 
electron beam interacts (elastic interaction) with the sample to a depth of ca. 1 µm, 
emitting backscattered electrons from the sample surface, which generates a signal to 
create an image.  The inelastic scattering which results from the deep interaction of the 
incident electrons with the nuclei and electrons of the material, generates other signals, 
including secondary electrons, X-ray emissions and auger electrons. These signals 
from the specimen give information about the sample including texture, chemical 
composition, and crystalline structure.33 SEM analysis is considered to be "non-
destructive"; that is, X-rays generated by electron interactions do not lead to volume 
loss of the sample, so it is possible to analyse the same materials repeatedly. 
Two limitations to SEM are: 
(a) Samples must be solid and they must fit into the microscope chamber. 
(b) The sample must be conducting.  An electrically conductive coating must be 
applied to electrically insulating samples before analysing unless the instrument is 
capable of operation in a low vacuum mode. 
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Figure 1.6: Schematic representation of electron-material interactions in the SEM. The volume of 
interaction of the electron beam with the sample surface and corresponding areas from which different 
signals originate. (http//www. Jeol.co.jp). 
 
 
1.4.2 Energy Dispersive X-ray (EDX) 
EDX is used in conjunction with SEM, as X-rays are generated when the electrons 
interact with the sample. When an electron beam interacts with a sample creating 
secondary electrons, it leaves thousands of the sample atoms, with holes in the electron 
shells, where the secondary electrons used to be.  If these "holes" are in inner shells, 
then the atoms are not in a stable state, so electrons from the higher energy outer shells 
will drop into the vacant sites.  These electrons, moving from higher to lower energy 
states, emit energy in the form of X-rays.  Since each element has characteristic X-ray 
energy and wavelength, the elemental composition of a sample can be identified.  This 
is a non-destructive technique, as is SEM. EDX can perform elemental analysis in 
areas, as small as 0.5 µm in size.  The X-rays are emitted from a depth that depends on 
how deep the secondary electrons are formed.  Depending on the sample density and 
incident beam, this is usually from 0.5 to 2 µm in depth.33  
EDX analysis can also quantify the elements it detects.  This is carried out by 
calculating the area under the peak of each identified element of the sample.  
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Calculations convert the area under the peak into weight or atomic percentage. 
However, the quality of this quantitative analyses depends on the surface roughness of 
the sample,33 so in this thesis it has been used for quantitative estimations.  
 
1.4.3 Infra-Red Spectroscopy (FT-IR) 
Fourier Transform Infrared spectroscopy (FT-IR) was used for the identification of 
carbonyl defects on the pyrrole polymer chain and their subsequent removal, (see 
Section 3.3.2.3).  FT-IR was carried out using a Perkin Elmer 2000 FT-IR 
spectrometer. All samples were prepared by grinding with potassium bromide (KBr) 
and pressed into discs. The use of KBr limits the loss of information, as KBr does not 
contain IR bands in the mid-IR region of the electromagnetic spectrum.35 
FT-IR spectroscopy measures the vibrational motions of atoms, around their 
connecting bonds, when they are excited by electromagnetic radiation from the IR 
region of the electromagnetic spectrum. IR photons do not carry enough energy to 
cause electronic transitions, however, they have sufficient energy to cause groups of 
atoms to vibrate, with respect to the bonds between them. Since molecules absorb IR 
radiation at specific frequencies and wavelengths, the resulting vibrations are 
characteristic of certain energies, providing a means to identify the groups and species 
present in a material.35 Every group has a characteristic frequency or band of 
absorption, determined by their wavelength, λ, or its reciprocal value, wavenumber, 
cm-1. 
The frequency of vibrations between two atoms depends on two quantities; the mass 
of the atoms involved, and the rigidity of the bonds between them. Heavier atoms 
vibrate slower than lighter atoms, and strong bonds, which tend to be more rigid, 
require more energy to stretch and/or compress the bonds between them. This leads to 
an IR spectrum, resulting in a characteristic, unique fingerprint of a compound.36 
 
Introduction & Literature Review              Chapter 1 
16 
 
1.5  Electrochemical Properties of Polypyrrole Films 
This section gives an introduction to CPs, in particular PPy. The polymerisation 
mechanism for PPy is examined, along with the various factors which affect the 
chemical and physical properties of the resultant polymer. A brief introduction into the 
evolution of nanostructuring is given, with an emphasis on PPy nanowires. 
 
1.5.1 Conducting Polymers (CPs) 
Contrary to an article by Pople and Walmsley in 196237 stating that “Although it is not 
possible to synthesise very long polyenes (polyacetylene) at present…”, the first 
polymerisation of acetylene had been reported in the late 1950’s by Natta et al.38 Up 
until the 1970s lots of literature, on the subject, was published by chemists and 
physicists, but it was not until 1977,39 when chemists and physicists began to work 
together, that the first report of electrical conductivity in a conjugated polymer was 
achieved, by exposing the polymer to oxidising or reducing agents, i.e., dopants, which 
insert into the polymer backbone to enhance its conductivity.  This breakthrough led 
to extensive research in the field of CPs. In 2000, the Nobel prize in Chemistry was 
awarded to MacDiarmid, Heeger, and Shirawaka, for their initial work on 
polyacetylene leading to the discovery and development of polymers that are 
electrically conducting.40 The high electrical conductivity and good redox properties41 
has led to extensive studies in the field. 
 
 
Figure 1.7: The energy differences between the valence band (VB) and conduction band (CB) for a 
conductor, semiconductor and insulator. 
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The conducting properties of polymers can be described using the band gap theory of 
solids,42  electron delocalisation and the choice of doping anions.43, 44 A schematic of 
a band gap energy diagram is shown in Figure 1.7.  The highest occupied energy level 
for electrons is called the valence band (VB), and the lowest unoccupied level is the 
conduction band (CB).  The energy required to excite an electron from the valence 
band into the conduction band is known as the band gap energy, Eg, If the band gap 
energy, between the conduction and valence bands, is large (>10 eV), electron 
promotion into the conduction band is inhibited and an insulator is formed.  Similarly, 
if the valence and conduction bands overlap, there is no band gap energy, and a 
conductor results. If the energy gap is ca. 1.0 eV, then electrons can be promoted into 
the conduction band and the result is a semi-conductor.  In general, the band gap energy 
of CPs is close to 1.0 eV, so they can be considered as semiconductors.   
The conductivity of CPs is not entirely explained by the band gap theory.  CPs are 
conjugated systems, giving a series of alternating double and single bonds.  Electrons 
are delocalised over the conjugated system, so charge can spread over the polymer 
backbone45 giving electrical conductivity. The conjugated double bonds along the 
backbone of  CPs allow free movement of electrons within the polymer chain, making 
them electronically conducting.31 However in their neutral state, conductivity levels 
remain low. The increased conductivity of CPs results from the formation of charge 
carriers, when the polymer is oxidised (p-doped) and reduced (n-doped). Oxidation 
causes the formation of polarons, which form along the entire length of the polymer 
chain.24 Figure 1.8 shows a schematic of the oxidation of a CP (PPy) resulting in the 
formation of a polaron.  Upon the loss of a second electron, it is energetically more 
favourable to remove this electron from the polaron, rather than from the polymer 
chain. This leads to the formation of bipolarons instead of a pair of polarons42 and the 
polymer is now in its fully oxidised state.  This process forms localised electronic states 
within the band gap.42 Bipolarons, are capable of movement along the polymer 
backbone, due to the conjugation,46 and are associated with the incorporation of a 
counterion (A-) to balance the charge generated. These counterions are commonly 
referred to as dopants. 
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Figure 1.8: Diagram showing the formation of a polaron, resulting from the oxidation of a CP (PPy). 
 
1.5.2 Polypyrrole (PPy) 
PPy, see Figure 1.9, is a black insoluble material, which was first electrochemically 
synthesised by Dall’Olio et al47 in 1969, but interest in the polymer was only developed 
after Diaz et al, produced a homogeneous electrically conducting material, 10 years 
later.48 PPy is one of the most extensively studied CPs due to its easy oxidation. It is 
also environmentally stable with good redox properties10 and is highly conducting.49   
Its individual monomers consist of a 5 membered carbon ring with nitrogen replacing 
the 5th carbon. The carbon and nitrogen atoms are sp2 hybridised, with each monomer 
unit containing an aromatic ᴨ delocalised system. This results from the overlapping of 
2pz orbitals and extends along the polymer backbone, resulting in a CP. 
 
 
Figure 1.9: Structure of polypyrrole (PPy) repeating unit. 
 
1.5.2.1  Polymerisation of Pyrrole 
PPy can be formed by chemical or electrochemical polymerisation. The chemical 
synthesis of CPs uses chemical oxidants, such as ammonium peroxydisulfate, to 
oxidise the monomer, resulting in chemically active radicals of the monomer.  These 
radicals react with the monomer to form an insoluble polymer.47  A disadvantage to 
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this system is that most of the polymer precipitates into solution making it difficult to 
deposit onto a surface.48 Generally the electrochemical method is the preferred 
synthesis, as it provides more control over the resulting film thickness, by controlling 
the charge passed, (see Section 3.3.3.1), morphology,49 and leads to a cleaner polymer 
when compared to the corresponding chemical synthesis.50 
The electrochemical oxidation of pyrrole leads to a variety of chemical and 
electrochemical reactions which finally result in the CP being deposited onto the 
electrode surface. Possible electrochemical techniques include potentiostatic (constant 
potential), galvanostatic (constant current) and CV.51 Most literature refers to the 
polymerisation method described by Diaz et al52, although other initiation steps have 
been proposed.50 The characteristic properties of an electrodeposited PPy film are 
highly dependent on the polymerisation conditions, therefore an understanding of the 
polymerisation reaction can lead to better control over the formed polymer. The main 
features of the Diaz method of electropolymerisation are described here, with a 
schematic shown in Figure 1.10. 
The first, initiation, step is the oxidation of the pyrrole monomer, which results from 
the application of an anodic (oxidation) potential to the electrode, forming the pyrrole 
cation radical. This radical could combine with another monomer to propagate chain 
formation. However, the pyrrole at the electrode surface is mainly in its radical form, 
as the oxidation of pyrrole is a faster reaction than the diffusion rate of the monomer 
to the electrode surface. So, at the electrode surface, two radicals couple, with the loss 
of 2H+, to form a radical dication. With the loss of another 2 H+ (deprotonation) a 
neutral dimer is formed. This is further oxidised to form a radical dimer, with the 
unpaired electron delocalised over the two rings.  This combines with a radical 
monomer, at the electrode surface, and is subsequently deprotonated to form a neutral 
trimer. Propagation continues as the trimer is oxidised and combines with a radical 
monomer forming oligomers and polymer chains. Termination of the reaction is 
brought about by reaction of the radical cation with water, or other nucleophiles.    
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Figure 1.10: Proposed mechanism for the electrochemical polymerisation of pyrrole.  
 
The radical cation formed from the oxidation of the pyrrole monomer has several 
resonance structures, shown in Figure 1.11. The most stable forms are those showing 
the close proximity of positive and negative charges, (1 and 4), with the negative 
charges lying at positions 2 and 5 on the ring.  Therefore, the preferred bond formation 
along the polymer chain, results from bonding between carbon-2 of one ring and 
carbon-5 of the adjoining ring, forming a co-planar polymer. This is known as α-
coupling. β-coupling, formed by bonding between carbon 3 and 4, can also exist, but 
this interferes with the linearity of the polymer chain, breaking the conjugation and 
therefore, decreasing the conductivity.53 This is more likely to occur in longer chains, 
and as many as 1 in 3 units can be affected.54  
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Figure 1.11: Resonance structures of the radical cation formed by the oxidation of pyrrole. 
 
It is well documented that the dopant anion in polypyrrole plays a critical role in 
determining the physical and chemical properties of the polymer.55  Dopant ions are 
generally incorporated into the film matrix during electropolymerisation. During 
doping the polymer structure distorts, due to the insertion and removal of the dopant. 
As previously stated, when the PPy is oxidised the dopant ion becomes inserted into 
the polymer to balance the charge. Similarly, when a reduction potential is applied, the 
dopant ion is expelled.  This allows polymers to exchange dopants depending on the 
electrolytes in use.  
The electrochemistry of PPy has been described as a “distributed double layer 
capacitor”,51  as the polymer charges and discharges during the application of redox 
potentials and dopant ions move in or out of the matrix, to balance this charge.  The 
extent of oxidation/reduction is given by the doping level and this is generally 
expressed as the ratio of dopant anions, A- (in this thesis the dopant anion was ClO4
-), 
incorporated per monomer unit. For example, 1 A- per 4 monomer units gives a doping 
level of 25%.  The maximum doping level achievable with polypyrrole is 33%, i.e., 1 
A- per 3 pyrrole units.24  It is important to point out that doping may not always be 
uniform; regions with high doping levels surrounded by areas with much lower doping 
levels are possible.   
 
1.5.2.2  Factors Affecting Polymerisation 
Many factors affect the polymerisation of pyrrole including, the nature of the electrode, 
the solvent, the concentration and nature of dopants, the pH of the electrolyte, the 
potential/charge attained during the electrochemical polymerisation and the method of 
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polarisation.  All of these factors contribute to the final morphology and conductivity 
of the polymer film.56   
The nature of the substrate plays an important role in the formation of PPy. It is 
important that the working electrode is inert and does not compete with the oxidation 
of the monomer. Generally, platinum, gold and glassy carbon electrodes are used, 
however, a range of other metals which form oxides,57 and non-metals,58 have also 
been used, as well as composite electrodes.59  
The electrochemical polymerisation of pyrrole can be carried out using several 
techniques, including, normal pulse voltammetry (NPV),60, 61 CV62-64 and 
potentiometric techniques, where a constant potential is applied for a fixed period of 
time, known as chronoamperometry,65 or until a desired charge is attained, 
chronocoulometry.16 PPy films formed from a constant current or potential, are found 
to be more porous and irregular than those deposited by CV. The surface morphology 
is better controlled when depositing the polymer by potentiostatic methods.66 The 
morphology of the polymer is influenced by the applied potential and the charge 
attained during electropolymerisation. PPy prepared using lower current densities (< 
1.0 mA cm‐2) or lower anodic potentials (< 0.80 V vs. SCE), forms more dense, 
homogeneous surfaces. While polymers deposited at higher current densities (> 5.0 
mA cm‐2) or higher anodic potentials (> 0.90 V vs. SCE), form irregular, porous 
surfaces.67 The thickness of the polymer film is also proportional to the charge 
passed,68 (see Section 3.3.3.1). 
If the applied potential is higher than the oxidation potential of PPy, or if the electrode 
is held at a potential for a long period of time, over‐oxidation can occur, diminishing 
the electrical properties of the polymer.69 Over-oxidation results from the nucleophilic 
attack (e.g., H2O and OH
-) of the polymer backbone, resulting in the formation of 
carbonyl moieties on the chain which breaks the conjugation, and so is unavoidable 
when polymerising from aqueous solutions.70 Over-oxidation also causes the ejection 
of dopant ions from the chain, forming a non-conducting polymer. 
Since the electrochemical and mechanical properties of electrochemically deposited 
PPy are dependent on the dopants incorporated in the polymer, the choice of anions in 
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the supporting electrolyte is crucial. The mobility of the anions, in and out of the 
polymer backbone, depend on their size, with smaller anions, e.g., Cl-, ClO4
- and Br-, 
having the best mobility.  Larger, more bulky ions, e.g., polystyrenesulfonate (PSS), 
are unlikely to move out of the polymer, or be replaced.43 However, the mobility of 
the anions is also affected by the applied polymerisation potential.71  
The electrolyte pH is of critical importance to the PPy film formed from 
electropolymerisation.72 Alkaline solutions hinder polymerisation by deprotonating 
the radical  cations, forming neutral radicals, thereby interfering with the coupling 
reaction described in Section 1.5.2.1.62 This leads to the formation of a non-conducting 
polymer. The electrolyte pH effect on the conductivity of the PPy film is dependent on 
the dopant anion used, with larger anions being less affected by the alkalinity of the 
solution.73 PPy films have been successfully deposited from alkaline solutions,74 as in 
the case for nanowire morphologies. This is discussed in Section 3.3.2.1.  The coupling 
reaction between two radical cations releases two protons, which subsequently reduces 
the pH near the electrode surface. Zhou and Heinze found that a neutral or weakly 
acidic pH favours polymerisation.75  Solution pH can also affect the already deposited 
PPy film. Alkali solutions, e.g., NaOH cause a loss of anions and, therefore, 
conductivity. The CP can be partially restored by immersion in an acidic solution.76  
 
1.5.3 Nanostructures 
Nanomaterials are of the nanometre scale (10-9 m).  The prefix nano- originates in the 
Greek “nanos” meaning dwarf.  Because of their size, nanomaterials display several 
properties that are different to those displayed by their bulk material counterparts.77-79 
This is due, in part, to surface effects.  Smaller particles have a larger surface to volume 
ratio so most of their atoms lie along the surface.  Surface atoms have fewer neighbours 
resulting in lower coordination numbers and sites available for bonding; therefore they 
are more reactive.80 
The band gap energy, described in Section 1.5.1, governs the properties of materials, 
including the conductivity. Changes in the energy gap between the valence and 
conduction bands, can alter the material’s physical and chemical properties. This 
occurs when the size of a substance is reduced to the nanometre scale. It has been well 
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established that the band gap of a semiconductor increases as the particle size is 
reduced.81-83 In a bulk material, the conduction and valence bands are formed by many 
energy levels of the large number of atoms or molecules. As the material size decreases 
towards the nano scale, <10 nm, each entity is made up of a finite number of atoms, 
with less energy levels, therefore an increased energy band gap forms. In a single atom 
the bandgap is the distance between its ground state and first excited state, further 
decreasing the number of energy levels and increasing the band width. When an 
electron is promoted into the conduction band it leaves a “hole” (h+) in the valence 
band. The energy gap in a semi-conductor is small enough that the electron and hole 
can recombine, so decreasing its reactivity.  As nanomaterials have increased band gap 
energy, resulting in a lower probability of charge recombination, this increases their 
reactivity.84  A schematic of the change in the energy band gap between nano- and bulk 
materials is shown in Figure 1.12. 
 
 
Figure 1.12: Energy band gap changes for bulk, nano and single atoms.  
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1.5.3.1  PPy Nanomaterials 
Several methods for the fabrication of CPs on the nanometre scale have been 
developed.85, 86  One of the first methods, developed by Martin et al,87 was based on 
the use of pore walls as templates, to guide the polymer growth. Using this method, an 
aluminium template is soaked in the monomer solution and polymerisation is initiated 
by applying a potential to the electrode. Tubules are formed as the monomer 
polymerises along the walls of the template, followed by solid wires as the tubules fill 
up.  The template is removed by dissolution in acid, which is a harsh treatment and can 
degrade the polymer. Other disadvantages of the template method are the expense 
involved,88 and often, when the template is removed, the formed nanowires collapse.89 
PPy has been successfully polymerised on the nanoscale, using the template method, 
and has shown higher conductivity and strength than the bulk material.90, 91 Some 
groups have reported that nanotubes form easier than nanowires when using a template 
method.41 Other procedures include a stepwise electrochemical assembly method,92 
dilute chemical oxidative polymerisation93 and biphasic electrochemical synthesis.94 
However, all these methods have proved to be very time consuming.94  
Template-free formation of nanowires offers many advantages including the removal 
of the construction and dissolution of the template. The morphology of the nanowires 
formed is controlled by the electrodeposition parameters. Massafera et al deposited 
PPy nanowires directly onto a gold substrate using NPV and potentiometry.61 They 
found that nanowires deposited from NPV were more conducting as they were shorter. 
Many other groups have developed simple template-free, environmentally friendly 
methods for electrodepositing PPy nanowires.74, 95, 96  
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1.6  Voltammetric pH Sensor Development 
The work undertaken in this section involves the modification and derivatisation of 
carbon substrates, namely CPEs and CFEs, with a quinone containing moiety, FBRR. 
The principle aim is to develop a miniaturised pH sensor, capable of detecting pH 
changes, with a sensitivity of 0.01 pH units, within biological pH ranges. This high 
level of sensitivity was suggested in consultation with a clinician as an extreme limit, 
although a sensitivity of 0.05 pH units would most likely suffice. Hence, this 
introduction refers to pH and its tight biological control; existing pH sensors, carbon 
electrodes, quinones as pH responsive moieties and FBRR, including the mechanism 
for its electro-reduction and its redox capabilities. 
 
1.6.1 pH 
pH is a measure of the concentration of hydrogen ions in a medium. The concept of 
pH was first mentioned, in 1909, by the Danish scientist Sorensen97 and was defined 
as the negative logarithm of the concentration of hydrogen ions in an aqueous solution 
(Equation 1.3). This definition was based on the assumption that hydrogen ions were 
the only ions present. Therefore, in 1924, the definition was redefined in terms of the 
activity of hydrogen ions (Equation 1.4). 
 
pH = - log[H+]                                                       1.3 
pH = - log [aH+]                                                      1.4 
Here, [H+] is the hydrogen ion concentration, and [aH
+] is the hydrogen ion activity, 
i.e., it quantifies the hydrogen ion activity or concentration of an acid or base. The 
logarithmic relationship between pH and the hydrogen ion concentration means that a 
change of 1 unit of pH equals a tenfold change in the hydrogen ion concentration. 
The pH quantity, as described in Equation 1.4, is not directly available, and requires 
determination by referencing it to other ion activities. Measurement by electrochemical 
methods has been the method of choice as electrochemical potentials are referenced to 
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standardised electrodes with great accuracy.  The negative sign ensures that the pH of 
most solutions, except extremely acidic ones, is always positive. 
   
1.6.1.1  pH and the Nernstian Equation 
The definition of pH in Equation 1.4 was adopted because ion selective electrodes, 
which are used to measure pH, respond to activity.  In an ideal situation the electrode 
potential, E, follows Nernstian values98 which can be written as: 
E = E0 + (RT/F) ln [aH+]                                           1.5 
    = E0 – (2.303RT/nF) pH                                       1.6 
where E is the measured potential, E0 is the standard electrode potential, R is the 
universal gas constant, T is the temperature in kelvin, F is the Faraday constant  and n 
is the number of electrons transferred. Therefore, potential is proportional to pH.  
Manipulation of the Nernst equation demonstrates that the observed potential for a 
redox system with m H+ ions and n electrons transferred, will change by: 
   -m/n (59 mV) per pH unit at 25°C                              
The FBRR redox system, used throughout this thesis, involves 2 e- and 2 H+, (see 
Section 1.6.5.1), therefore an ideally Nernstian pH response, for FBRR modified 
electrodes, is -59 mV/pH at 25°C. 
 
1.6.1.2  Temperature and pH  
Accurate measurement of pH is effected by temperature. An increase in the solution 
temperature results in a decrease in its viscosity and hence, an increase in the mobility 
of its ions in solution.99 An increase in temperature can also lead to an increase in the 
number of ions in solution due to the dissociation of molecules.100 As pH is a measure 
of the hydrogen ion concentration, a change in the temperature of a solution will be 
reflected by a subsequent change in the pH.101  The Rosenthal correction factor, which 
is recommended for clinical use, compensates for the change in pH due to the solution 
temperature,  indicating a change of 0.015 pH units per °C.102   
By placing values in Equation 1.6, the following is obtained: 
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                              𝑬 =  𝑬𝟎 − 𝟏𝟗𝟖 × 𝟏𝟎
−𝟔 𝑻 𝒑𝑯                                     1.7 
 
From this equation, it can be seen that slope of an electrode is linearly dependent on 
the temperature. Because of this linear dependence the behaviour is fully predictable 
and can be compensated for by a pH meter and electrode with integrated temperature 
sensor.    
 
1.6.1.3  Physiological pH  
Real-time monitoring of physiological pH levels is important for many reasons.  
Physiological pH cannot fluctuate far from normal levels without possibly causing 
serious consequences.  Normal human arterial blood has a pH of 7.40 at 37°C.  At rest, 
venous blood is slightly more acidic, 7.38, than arterial blood, because of the uptake 
of CO2 by the blood, as it perfuses the tissues.
103   Disturbance of the pH of blood is 
termed as acidosis or alkalosis.  Acidosis occurs when the pH shifts to the acidic side 
of a normal pH value, ˂  7.36.  There are two types of acidosis, classed by their primary 
cause, either metabolic or respiratory.  Metabolic acidosis occurs when the 
concentration of blood bicarbonate, [HCO3
-], is too low. There are many causes for 
metabolic acidosis, including chronic diarrhoea.104 Respiratory acidosis is caused by 
an increase in the CO2 levels.  Alkalosis occurs when blood pH is greater than 7.44, 
respiratory alkalosis being caused by a decrease in CO2 levels and metabolic alkalosis 
caused by an increase in HCO3
- levels. 
Abnormal tissue pH, also referred to as interstitial fluid pH,105 e.g., myocytes in muscle 
tissue, is an indicator of altered cellular metabolism in diseases including stroke106 and 
cancer.107 Tissue ischemic injury, i.e., reduced blood flow, is one of the most common 
types of injury in clinical medicine. Ischemic tissue is generally caused by obstruction 
of an artery. The affected tissue often becomes acidic due to increased anaerobic 
respiration leading to irreversible cellular damage. Hypoxia, on the other hand, is 
reduced availability of oxygen, generally caused by lower saturation or decreased 
amounts of haemoglobin. During hypoxia, energy generation by anaerobic glycolysis 
can continue, although not as efficiently as by oxidative pathways. Whereas during an 
ischemic episode, anaerobic energy generation ceases, as glycolysis is inhibited by the 
accumulation of various metabolites that would have been removed by normal blood 
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flow. Therefore, ischemia causes tissue damage faster than hypoxia.103  Prolonged 
ischemia causes irreversible damage and necrosis to cell membranes, causing cell 
death. This can be caused by a large influx of Ca2+ ions into the cell, causing damage 
to cell membranes and DNA, resulting in cell death, mainly by necrosis, but also 
apoptosis. If cells are reversibly damaged, the restoration of blood flow can result in 
cell recovery. However, under certain circumstances, the restoration of blood flow to 
ischemic tissue can result in further damage. This is called ischemia-reperfusion injury. 
The first investigations into the relationship between pH levels and ischemia was ca. 
35-40 years ago, showing that tissue pH falls during an ischemic event.108-113 
Researchers agreed that tissue pH fell as the decrease in blood flow to the tissue 
resulted in anaerobic metabolism, which consequently produced lactate. The presence 
of lactate contributes to an increase in H+ ion activity, which is proportional to a 
decrease in pH. Thus, pH can be used as an indication of a reduction of tissue 
perfusion.108  Wolpert et al. compared serum pH measurements to that of tissue pH.110 
They found that tissue pH, when compared to serum pH, had the advantages of reacting 
earlier to changes in tissue perfusion and it could be measured with minimal 
invasiveness. These studies involved miniaturised glass pH sensors,  whose major 
disadvantages lie in the difficulty of miniaturisation,114  due to possible drift over 
time,115-117 fragility118 and electrode fouling,119 resulting in inaccurate measurements. 
Because of the expense of glass electrodes, they are not considered disposable. Glass 
pH sensors can only be disinfected, not heat or gas sterilised, therefore the risk of cross 
contamination with infectious diseases cannot be eliminated.120 This makes the glass 
pH sensor undesirable for use in the in-vivo environment. An important study, carried 
out by Ye, investigated the relationship between pre-graft tissue pH and subsequent 
success of the tissue graft.121 It was found that the success rate increased if the pre-
graft tissue pH was 7.4. This study was important as an accurate indication of whether 
surgery could be performed successfully, possibly avoiding many postoperative 
complications.  
Patient monitoring, both during and after treatment is required in a clinical setting. In-
vivo sensors can provide an instant evaluation of a biological parameter, e.g., pH, 
leading to quicker diagnosis and reducing hospital bed-time.122 For this purpose small 
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devices with low drift, easy calibration, immunity to electrode fouling and long life-
time are required.  
 
1.6.2 Existing pH Sensors 
pH is a measurable parameter that is familiar to all in the scientific, industrial and 
medical fields.123 pH can be measured using many techniques, from litmus paper, with 
low precision, to highly efficient potentiometric, e.g., glass electrode, pH meters. This 
section describes some of the existing pH sensors, their primary operating mechanism 
along with their advantages and disadvantages.  
 
1.6.2.1  Glass pH Electrodes 
The most commonly used pH sensor is the glass electrode. Modern glass pH meters 
combine a high impedance pH meter, along with a pH electrode and reference 
electrode, see Figure 1.13.   The high impedance amplifier is required to measure the 
small voltage output.124  The pH electrode consists of two electrodes, a hydrogen ion 
sensitive glass electrode and a reference electrode.  The pH is observed by measuring 
the potential difference between the two electrodes,125 making this a potentiometric 
sensor. The potential difference relevant to pH measurement builds up across the 
outside glass/solution interface. The glass membrane, is manufactured by blowing 
molten glass into a thin-walled bulb with a wall ca. 0.1 mm thick. The pH sensing 
ability of the glass electrode stems from the ion exchange property of its glass 
membrane. Glass is mostly amorphous silicon dioxide, with embedded oxides of alkali 
metals. The surface of the glass is protonated by both the internal and external solution 
until an equilibrium is achieved. Both sides of the glass are charged by the adsorbed 
protons, this charge is responsible for the potential difference. The glass electrode, 
develops a potential directly related to the H+ concentration of the solution. A second, 
standard potential, is provided by the reference electrode, which provides a stable 
potential against which the recording electrode can be compared. The reference 
electrode is generally contained in a 3 M KCl solution which completes the electric 
circuit. The potential difference between the recording and the reference electrode is 
converted to a pH value by using the electrode’s specific calibration constants. Thus, 
electrodes must be calibrated in two or more buffers in order to convert the voltage 
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reading into a true pH value. By convention, the design of glass pH sensors is adapted 
such that the electrode potential reads 0 mV at pH 7 and 25°C.  Commercially available 
micro glass pH sensors are available from World Precision Instruments 
(http://www.wpiinc.com) and Presens (http://www.presens.de). Their main 
disadvantages are fragility and difficulties in sterilisation, as explained in Section 
1.6.1.3, making them an expensive electrode, suitable for single use only, so they are 
not suitable for use in a physiological environment.  
 
 
Figure 1.13: Schematic of a glass pH electrode, (http://www.ph-meter.info/).  
 
1.6.2.2  Metal Oxide pH Sensors 
In order to overcome the fragility of glass pH sensors, metal oxide sensors have been 
used for pH determination in physiological environments. The mechanically robust126 
electrodes can easily be miniaturised using modern technologies.  Although many 
metal oxides have been examined, including, RuO2,
127 TaO5
128 and PbO2,
115 IrOx is 
probably the most promising, due to its stability,129 fast response and broad pH 
recording range.114 The potentiometric response of IrOx to pH is due to the fluctuation 
between the two oxidation states Ir(III) oxide and Ir(IV) oxide. Depending on the 
method of electrode preparation, two variations on the IrOx pH sensor can be 
produced, hydrous and anhydrous. Anhydrous iridium oxides are achieved by thermal 
oxidation or sputtering methods which showed pH response of -59 mV/pH, whereas 
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iridium oxides fabricated electrochemically are mainly hydrated iridium oxides, which 
result in a super-Nernstian response -90 mV/pH unit.130 
IrOx, and other, pH micro sensors require reference electrodes, hence, problems 
associated with inserting two electrodes into the same position, in-vivo, exist.131 As 
they are based on potentiometric measurements they still suffer from substantial drift 
over time132 and are susceptible to electric noise.133 They are more suitable for in-vitro 
measurements and are prone to interference from redox species, e.g., AA and DOPAC, 
making them unsuitable for in-vivo applications.132 
 
1.6.2.3  Ion Selective Field Effect Transistors (ISFET) 
ISFETs were introduced as pH sensors by Bergveld 134 in 1970. Their operation is 
based on the surface adsorption of charges from the solution being tested.135 In an 
ISFET, the metal gate is replaced by an ion-sensitive membrane, the solution to be 
measured and a reference electrode. Therefore, an ISFET combines, the sensing 
surface and a signal amplifier which produces a high current, low impedance output 
and allows the use of connecting cables without excessive shielding.126 This pH 
sensitive gate electrode, which is situated between two semi-conducting electrodes (the 
drain and the sink), controls the current flowing between the two electrodes, by 
keeping drain current constant at a predefined value.  If there is a pH change, there is 
a corresponding change in the gate potential. Although they can be miniaturised 
readily,136 they are not suitable for clinical applications due to the brittle semi-
conductor layer, often silicon.125, 135 For practical measurements in liquids, the 
electrical circuit must be closed with a reference electrode. Other disadvantages in 
using ISFET pH sensors are their substantial drift, due to the inherent contact of the 
gate with the liquid.137 often slow response,128, 138  hysteresis effect, temperature 
dependence98 expense126 and difficulties with encapsulation.139 ISFET pH sensors also 
have concerns relating to their power consumption, due to the FET operation 
requirements when used for in-vivo applications.126 Despite these limitations, ISFETs 
are commercially available from several companies e.g., Orion, Orion Research, 
Boston, MA; Corning, New York, NY; Sentron Integrated Sensor Technology, The 
Netherlands, (http://www.sentron.nl/). The Sentron sensor is the only one that is FDA 
and CE approved, however its uses are limited due to its 5 mm diameter.  
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Figure 1.14: Schematic of an ISFET pH electrode, showing its major components.140 
 
1.6.2.4  Optical pH Sensors 
Optical pH sensors use pH indicator dyes with distinct spectral properties. Their 
response is based on reversible changes of several parameters, mainly absorbance and 
reflectance, but sometimes fluorescence and refractive index (RI), due to changing pH 
of the solution.141 Measurements based on absorption are not very sensitive and require 
the application of a thick sensing layer or a high concentration of pH indicator dye.142 
Several techniques have been reported for the immobilisation of indicator dyes, such 
as entrapment in sol-gel-based materials or polymers, with sensor sizes ca. 0.60 mm143, 
144, and wearable technology sensors145, 146 or dyes covalently bound to polymer 
matrices.147, 148 Covalently bound dyes, however, are prone to poor fluorescence 
properties and loss of dye sensitivity, whereas non-covalently (entrapped) dyes are not 
suitable for in-vivo use due to leeching problems.135 
The optical sensors have several advantages over glass electrodes including the 
possibility of miniaturisation and they are not affected by electrical interference.142 
However, they require large sized analytical equipment, confining their use to static 
situations.135 Other limitations include a restricted long term stability and they are 
particularly affected by large changes in ionic strength,135 which is of particular 
importance when monitoring pH during blood dialysis.149 They are also limited to a 
narrow pH range, usually ca. 2-3 pH units.150  However, most biological systems 
operate over restricted pH ranges, so for the purpose of the sensor designed in this 
thesis, this is not necessarily a disadvantage.  Despite their disadvantages, researchers 
continue to examine their possible use as pH sensors. Singh et al developed a sensor 
by coating the core of an optical fibre with three consecutive layers of silver, silicon, 
and a pH-sensitive hydrogel. The pH change in the fluid causes the swelling or 
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shrinkage of the hydrogel layer, which changes its RI.151 This sensor is capable of 
measuring pH values between 3 and 10, a substantial improvement in the operating 
range.  
A commercially produced fibre optic sensor, the Paratrend® 7, boasted the ability to 
simultaneously measure PO2, CO2, pH and temperature.  It consisted of three optical 
fibres, ca. 0.175 mm diameter each, with an outer membrane of a gas permeable 
polyethylene, which has a heparin compound covalently bound. Although the diameter 
of the sensor bundle was 0.5 mm, the four sensing components were located at intervals 
along the 25 mm length,152 (see Figure 1.15),   and so was not designed to be inserted 
through a catheter. The covalent bonding eliminated any leeching problems and the 
heparin compound inhibited interference from proteins, although Hwang et al153 and 
Jeevarajan et al154 reported the formation of biofilms on the sensors, restricting gas 
permeation through the membrane.  Each individual sensor was specifically modified 
for its purpose, e.g., the pH sensor had an acid-base indicator immobilised onto it. A 
problem associated with the sensor was the shut-down of all recordings once one of 
the sensors failed.153 Also, significant differences, between actual and recorded values, 
were observed for pH and PCO2, with P = 0.001 and 0.0003 respectively.
155 This 
sensor has now been discontinued due to these reasons as well as sterilisation and cost 
factors. Other commercially available fibre optic pH sensors are available from World 
Precision Instruments, Presens and Oceanoptics (http://www.oceanoptics.com), but all 
are specifically designed to cater for the pre-clinical market.  
 
 
Figure 1.15: Schematic of the Paratrend 7® sensor.153 
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1.6.2.5  Voltammetric pH Sensors 
Electrochemical sensors have distinct advantages over optical pH sensors, including 
low cost, high stability and sensitivity.156   It has been mentioned previously in this 
introduction, that electrochemical pH sensors, based on potentiometric measurements, 
suffer from excessive drift.157 This potential drift is due to a reduced sensitivity towards 
H+ activity as the glass membrane becomes dehydrated.158  Voltammetric pH sensors, 
like the one used in this thesis, measure the redox potential of a pH dependent moiety, 
e.g., the quinone/hydroquinone redox couple of FBRR. Many other pH dependent 
redox systems have been investigated including nitrosophenyl compounds.117 The 
voltammetric response of the pH sensitive layer can be described by the Nernst 
equation, (see Equation 1.6). 
 
1.6.3 Designing a Voltammetric pH Sensor 
The design of pH sensors depends on their individual applications and as such is 
varied. In order to develop a novel miniaturised, voltammetric pH sensor, capable of 
continuous in-vivo measurements, certain criteria should be maintained. Firstly, the 
sensor should be easily miniaturised in order to inflict minimal trauma to the insertion 
site, thereby reducing the risk of infection to the subject. Biocompatible materials are 
required.  If designing a clinical sensor it is imperative to avoid cross infection of, e.g., 
hepatitis B, hepatitis C and HIV, and as such, clinical pH sensors should ideally be 
single use and consequently the cost of production is of great importance. For 
physiological monitoring of tissue pH, the sensor response should be linear over the 
physiologically relevant range, and sensitive to at least 0.1, but preferably 0.01 pH 
units. It should also remain stable, with minimal drift, over a constant recording time 
of between 12 and 24 hours.  The voltammetric response of the sensor should not be 
compromised by the presence of electrochemically active moieties such as ascorbic 
acid, (AA), uric acid, (UA) and dopamine, (DA) as well as pharmacological 
interferences, e.g., acetaminophen, (ACOP), and acetylsalicylic acid, (ASA).  Excess, 
physiologically relevant, metal ions can also be detrimental to the voltammetric signal, 
e.g., Ca2+ and Mg2+. Hence, a thorough examination into the effect of possible 
interferences should be undertaken.  The effect of temperature should also be 
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ascertained, along with its ability to function efficiently in solutions of varying ionic 
strength. 
1.6.4 Carbon Electrodes 
Carbon based materials and sensors have been widely used in the field of 
electrochemistry, because of their good electrical conductivity,159 ease of modification, 
low expense and relatively wide operating potential range. Oxygen readily adsorbs 
onto carbon surfaces to form carbon-oxygen complexes such as phenols, ortho- and 
para- quinones, carbonyls, lactones and carboxylic acids, especially on edge plane 
sites.160 All of these groups are susceptible to redox reactions with other molecules in 
solution, including, protons,132 and as such, are capable of electron transfer 
processes.161 The type and quantity, of oxygen containing groups, is determined by the 
type of carbon and this can be altered by applying pre-treatments to the electrode.162  
Carbon materials can be functionalised in many different ways in order to achieve a 
pH sensing electrode. These include, the covalent attachment of the pH sensitive 
moiety,163 either by chemical or electrochemical processes; chemical or physical 
adsorption of the pH sensing compound onto the surface; deposition of oxygen 
containing groups onto the electrode, or incorporation of the pH responsive substance 
into a composite electrode, e.g., CPEs.3 Many different carbon surfaces have been 
electrochemically modified with pH sensing elements, most notably, glassy carbon,164 
carbon fibres165 and to a lesser extent, CPEs.  
 
1.6.4.1  Carbon Paste Electrodes (CPEs) 
CPEs are specialised heterogeneous carbon electrodes, containing a mixture of carbon 
powder and a binding fluid.  One of the most quoted disadvantages of CPEs is that 
their operational success depends on the practical experience of the user.166 Each 
prepared electrode is individual, due to the uneven distribution of carbon and binding 
liquid and the irregular surface formed. However, they are widely available, of low 
cost, and their ease of modification, giving them pre-determined properties, makes 
them useful as highly selective sensors.167 The choice of carbon material and binding 
fluid also contribute to the flexibility when preparing carbon pastes with specific 
properties. Chemical or electrochemical modification, by introducing functional 
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groups onto the electrode surface, increases the number of chemical applications for 
CPEs. These attached groups can undergo chemical reactions with the analyte as well 
as electron transfer reactions.168  Modification occurs through adsorption or covalent 
bonding of reagents or coverage with membranes or polymers.  Modification of carbon 
paste electrodes can be achieved by the following methods, 
 Modification in-situ.169 The hydrophobic surface of the electrode can enhance 
the entrapment of some lipophilic modifiers. 
 Mixing solid modifier into the bulk carbon paste.170 
 Impregnation of the graphite powder by soaking it in a solution of the 
modifier.171  After evaporation of the solvent the modified graphite is mixed 
with the binder, to form the paste. 
Many CPEs have been used for in-vivo monitoring of brain tissue,172-174 an 
environment they are particularly suited to,  as the interaction between the pasting 
liquid and brain lipids reduces the  electrode fouling caused by proteins.173 To the best 
of my knowledge, CPEs have not previously been adopted for in-vivo monitoring of 
muscle tissue pH. 
 
1.6.4.2  Carbon Fibre Electrodes (CFEs) 
CFEs were first described in 1979, by Ponchon et al, when they were designed for the 
electrochemical detection of catecholamines.175 Today, their most common 
applications are still as sensors designed for monitoring neurotransmitters. They are 
considered as extremely suitable electrochemical sensors due to their inherent 
biocompatibility, relatively high mechanical strength176 and their adaptability due to 
possible surface modification.177 They can also be miniaturised to nano-dimensions 
and can therefore be utilised in low volume samples and in other more challenging 
environments, like those found in clinical situations, where they have been used for 
neurochemical monitoring of e.g., nitric oxide, (NO),178 and dopamine, (DA).179 The 
miniaturised electrodes have many advantages for biological applications, including, 
good electrochemical properties180 and reduced tissue damage on implantation due to 
their small size,181 often less than 10 µm.  Because of these many advantages, there is 
still a growing interest in the modification of the microelectrodes with various organic 
and inorganic materials including diazonium salts.182, 183  
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When compared to metal electrodes, the electron transfer rates at carbon electrodes are 
relatively sluggish.29 The electrochemical pre-treatment of carbon electrodes was first 
reported in the 1950s,184 and has been shown to enhance the electrochemical 
response.185 Improvements to CFEs have been achieved by  pre-treating the electrodes 
prior to the attachment of quinones.185 
 
1.6.5 Quinones and Aryl Diazonium Salts 
A quinone, shown in Figure 1.16, is an aromatic derivative of, e.g., benzene, with an 
even number of C-H bonds replaced by C=O, resulting in a conjugated cyclic dione.  
Quinones have shown strong adsorption onto various surfaces including platinum,186 
gold,187  graphite116, 188 and glassy carbon189, 190 as well as carbon nanotubes191, 192  and 
are one of the most studied examples of an organic redox couple.193 They are attached 
via diazonium attachment chemistry onto the required surface. Para-quinones undergo 
a reversible two electron reduction in aqueous buffered solutions, with alkaline, acidic 
and neutral pH values.194 These reduction potentials are pH dependent, varying in a 
Nernstian manner.195, 196 However the number of protons transferred varies with pH in 
unbuffered media, therefore, the use of quinones for pH studies is suitable in buffered 
systems only.197  Although many quinone modified electrodes respond to pH, few have 
been developed on biocompatible materials, that exhibit activity in a physiologically 
relevant pH range.107  
 
 
Figure 1.16: Structure of a para-quinone, 1, 4 benzoquinone. 
 
The first reported reduction of an aryl diazonium salt onto carbon was in 1992 by 
Saveant et al.7 The electrochemical reduction of diazonium salts leads to a solid 
covalent attachment of aryl groups onto the substrate surface.  The electrochemical 
reduction of diazonium salts is widely used for the modification of various electrode 
substrates. However, when reducing the salt onto metal surfaces, the surfaces should 
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be free of oxide groups to allow formation of the metal-carbon bond.198  The diazonium 
salts are most stable in acidic and aprotic solutions, with the stability decreasing as the 
pH increases above 3 in aqueous solutions.199  The first step, of the proposed 
mechanism, involves the electrochemical reduction of the aryl diazonium cation (Ar-
N2
+) to form the corresponding aryl radical (Ar·), with the loss of N2, as shown in 
Equation 1.8. This is a concerted reaction, therefore there are no intermediates formed 
between the cation and the radical formation, so the radical forms directly on the 
electrode surface. The electrochemical reduction that leads to the formation of the 
radical is relatively easy because of the electron withdrawing power of the diazonium 
group.  The second step occurs when the radical reacts with the electrode surface, e.g., 
carbon, and a strong covalent C-C bond is formed. This is shown in Equation 1.9. In 
general, the electro-reduction of the diazonium salt onto a substrate results in a broad 
irreversible wave which disappears in the second sweep. This is due to the formation 
of the organic layer blocking the access of the electroactive moiety to the electrode 
surface. It is possible that the radical becomes further reduced to the anion, Ar-, as in 
Equation 1.10, this leads to unfavourable conditions for the electrodeposition.  In order 
to prevent further reduction of the radical to the anion the potential should not be 
brought to a too negative potential. 
 
                                         𝑨𝒓𝑵𝟐
+ + 𝟏 𝒆− → 𝑨𝒓. + 𝑵𝟐                                                 1.8 
                                    𝑺𝒖𝒓𝒇𝒂𝒄𝒆 + 𝑨𝒓. → 𝑺𝒖𝒓𝒇𝒂𝒄𝒆 − 𝑨𝒓               1.9 
                                         𝑨𝒓 + 𝟏 𝒆− → 𝑨𝒓−               1.10 
 
1.6.5.1  FBRR 
4-Benzoylamino-2, 5-dimethoxybenzenediazonium chloride hemi zinc chloride salt 
also known as Fast Blue RR, (FBRR), is a quinone containing aryl-diazonium salt, as 
shown in Figure 1.17. Literature reports its main uses as a dye, with little reference to 
its electrochemical properties. 
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Figure 1.17: Chemical structure of FBRR. 
 
 
The covalent bond formation of FBRR onto a carbon substrate follows the proposed 
mechanism described in Section 1.6.5, a schematic for which is depicted in Figure 
1.18, forming a strong covalent C-C bond. This is a 1 e-, irreversible, reduction 
reaction, as shown by the cleavage of N2. The reduction of FBRR can be carried out in 
an aprotic or a protic solvent,5 using the same reduction mechanism. 
 
 
Figure 1.18: Schematic of the electrochemical reduction of FBRR onto an electrode surface, forming a 
strong covalent bond. 
 
The electrochemical reduction of diazonium salts generally results in a layered 
deposition of the product onto the substrate, as opposed to monolayers.123  These layers 
can vary in thickness from a few nm to several µm. The layers are formed when the 
radical attaches to the first layer of deposited FBRR.  This happens when the radical 
attacks the ortho- position of an already surface bound aryl group, leading to the 
formation of multilayers.4 The multilayer formation is detrimental to the electron 
transfer rate, slowing it down.   Bonding to the surface can also occur without the loss 
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of the diazonium group which results in a hydrazine (N2H4) attachment to the 
surface.200  As a result of the side reactions forming multi-layers and the hydrazine 
moiety, the surface generated from the electrochemical reduction of a diazonium salt 
is non-homogeneous.123  However, these modified electrodes are reported to be 
remarkably stable.  They have been reported to withstand sonication, are stable up to 
temperatures of at least 200°C and can be stored for up to six months without losing 
their redox properties.201 
The mechanism for the oxidation/reduction reaction of FBRR, in buffered solutions, 
involves a 2e- oxidation that converts the methoxy to the equivalent quinone, followed 
by a 2e- /2H+ exchange to form the hydroxy-quinone. This is shown in Figure 1.19. 
 
 
Figure 1.19: The redox reaction of FBRR electrodeposited on carbon substrates.  
 
The potentials at which the redox reactions take place are pH dependent, as the 
oxidation induces a loss of protons. This deprotonation occurs more readily at higher 
pH values, resulting in, thermodynamically, more viable electron transfer, at more 
negative potentials.202 
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1.7 Summary 
From the literature review it is clear that much research has been carried out into the 
electrochemical properties of PPy. The task here, was to prepare bulk and nanowire 
morphologies of PPy, (A) using the same electrochemical parameters and (B) with 
similar electroactive surface areas. 
The development of a miniaturised pH sensor, capable of monitoring real-time changes 
in tissue pH, within the tightly regulated biological limits was challenging. Although 
many literature sources refer to miniaturised pH sensors, few have been developed that 
have received clinical approval.  The advantages and disadvantages of various pH 
sensors have been discussed, and there appears to be opportunity to develop a 
voltammetric sensor based on the redox couple of quinones; one that is small enough 
to cause minimal patient discomfort, while eliminating as many disadvantages of other 
designed sensors, e.g., drift, ionic strength stability and expense. 
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2.1 Introduction 
The first results chapter of this thesis was concerned with the electrochemical 
deposition of different conformations of polypyrrole (PPy) onto gold electrodes. 
Nanowire, and the appropriately named “cauliflower” or bulk PPy, were examined by 
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) to 
determine the electronic properties of the modified electrodes. Surface analyses of the 
various morphologies of PPy were performed using scanning electron microscopy 
(SEM). 
The main objective of Chapters 4 to 7 was the development, characterisation and 
optimisation of a diazonium modified carbon substrate, which was suitable for the in-
vitro and in-vivo monitoring of pH changes within acceptable biological ranges. 
Various electrochemical techniques were employed for the deposition of the 
diazonium salt onto various substrates, including CV, linear sweep voltammetry (LSV) 
and constant potential amperometry (CPA).  The substrates modified during this study 
included carbon paste and carbon fibre electrodes.  Surface analyses were carried out 
using SEM coupled with energy dispersive X-ray (EDX).  Details of the 
electrodeposition and extensive characterisation and optimisation, as well as an in-vivo 
application are thoroughly explained in the respective chapters.   
In this chapter, the electrochemical and analytical techniques used in the course of this 
study are described in detail.  The electrochemical setup is outlined along with the 
experimental procedures used to modify the various substrates. The surgical protocol 
utilised is extensively described. 
 
2.2 Experimental Procedures 
2.2.1 Chemicals and Electrode Materials 
The chemicals used throughout this thesis were mainly purchased from Sigma-Aldrich, 
and were of analytical grade. A list of all the chemicals and materials used throughout 
this research project is provided, alongside the relevant suppliers. For clarity the 
chemicals and materials are divided into sections depending on their use.  
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2.2.1.1  Chemicals and Materials for the Electrochemical Analysis of  
 Polypyrrole (PPy) 
 
Chemicals: 
Ammonium Phosphate Monobasic      Sigma-Aldrich 
Lithium Perchlorate       Sigma-Aldrich 
Perchloric Acid        Sigma-Aldrich 
Potassium Bromide FT-IR Grade (≥ 99%)     Sigma-Aldrich 
Potassium Chloride        Sigma-Aldrich 
Potassium Chloride Suprapur® (99.999%)    Merck 
Potassium Ferricyanide       Sigma-Aldrich 
Pyrrole                   Sigma-Aldrich 
Sodium Perchlorate        Sigma-Aldrich 
Sodium Phosphate Dibasic       Sigma-Aldrich 
Sodium Phosphate Monobasic      Sigma-Aldrich 
Electrode Materials: 
Gold Working Electrode (99.99%)      GoodFellow 
Platinum Wire        Fisher Scientific 
Saturated Calomel Reference Electrode     Thermo Scientific 
 
 
2.2.1.2      Chemicals and Materials for the Development of a pH Sensor 
 
Chemicals: 
4-Benzoylamino-2, 5-dimethoxybenzenediazonium chloride  Sigma Aldrich 
hemi (zinc chloride)  
Acetonitrile         Sigma-Aldrich 
Nitrogen Gas         BOC Gases 
Potassium Chloride       Sigma-Aldrich 
Sodium Chloride       Sigma-Aldrich 
Sodium Hydroxide       Sigma-Aldrich 
Sodium Phosphate Dibasic       Sigma-Aldrich 
Sulfuric Acid 97%       BDH 
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Tetraethyl Ammonium Tetrafluoroborate     Sigma-Aldrich 
Zinc Chloride         Sigma-Aldrich 
 
Biocompatibility and Interference Studies: 
3, 4-Dihydroxyphenylacetic acid      Sigma-Aldrich 
5-Hydroxy-Indole Acetic Acid      Sigma-Aldrich 
Acetaminophen        Sigma-Aldrich 
Acetylsalicylic Acid        Sigma-Aldrich 
Ascorbic Acid        Sigma-Aldrich 
Bovine Serum Albumen       Sigma-Aldrich 
Calcium Chloride        Sigma-Aldrich 
Dopamine         Sigma-Aldrich 
Homovanillic Acid        Sigma-Aldrich 
L-Cysteine         Sigma-Aldrich 
L-Glutathione        Sigma-Aldrich 
L-Tyrosine         Sigma-Aldrich 
Magnesium Chloride        Sigma-Aldrich 
Phosphatidylethanolamine      Sigma-Aldrich  
Serotonin         Sigma-Aldrich 
Triton® X         Sigma-Aldrich 
Uric Acid         Sigma-Aldrich 
 
In-vivo Chemicals: 
Isoflurane                Abbott Laboratories 
Sodium Bicarbonate        Sigma-Aldrich 
 
Electrode Materials: 
Carbon Fibres        Kation Scientific 
Graphite Powder        Sigma-Aldrich 
Hydrochloric Acid       VWR 
Platinum Wire        Fisher Scientific 
Saturated Calomel Reference Electrode     Thermo Scientific 
Silicone Oil         Sigma-Aldrich 
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Silver Wire         Advent Materials 
Styrene         Sigma-Aldrich 
 
2.2.2 Solutions 
All aqueous solutions were prepared using distilled milli-Q water, assigned as H2O 
throughout this thesis. The solutions used have been separated into sections, depending 
on their use. 
 
2.2.2.1     Solutions for the Electrochemical Analysis of PPy 
Preparation of Bulk and Nanowire PPy 
Pyrrole monomer was distilled under vacuum and stored at −18°C under N2, prior to 
use. To obtain a nanowire morphology,  the monomer (0.15 M or 75 mM), was added 
to aqueous solutions containing  the dopant salts, typically 2 mM LiClO4 or NaClO4, 
and 0.2 M NH4H2PO4, NaH2PO4 or Na2HPO4. The pH of the solution was adjusted to 
ca. 5.5, with concentrated HClO4, to achieve the bulk polymer. 
 
Electrochemical Analyses of Ppy Films 
CV studies were carried out in either 0.2 M KCl or 1 mM KFe(CN)6/0.1M KCl 
solutions. 
EIS studies were performed in 0.2 M solutions of KCl, LiClO4, and Na2HPO4. The pH 
values of selected KCl and LiClO4 solutions were increased using 1.0 M NaOH. 
 
2.2.2.2     Solutions for the Development of a pH Sensor  
All solutions in this section were N2 saturated prior to their use, unless otherwise stated. 
 
3, 4-Dihydroxyphenylacetic acid (DOPAC) 
A 100 µM solution of DOPAC was prepared by dissolving 1.7 mg in 100 ml PBS (pH 
7.4). 
 
5-Hydroxy-Indole Acetic Acid (5HIAA) 
A 100 µM solution of 5HIAA was prepared by dissolving 1.9 mg in 100 ml PBS (pH 
7.4). 
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Acetaminophen (ACOP) 
A 0.50 mM solution of ACOP was prepared by dissolving 7.6 mg in 100 ml PBS (pH 
7.4). 
 
Acetylsalicylic Acid (ASA) 
A 0.50 mM solution of ASA was prepared by dissolving 9.0 mg in 100 ml PBS (pH 
7.4). 
 
Ascorbic Acid (AA) 
500 µM and 1.0 mM solutions of AA were prepared by dissolving 8.8 mg and 17.6 
mg, respectively, in 100 ml PBS (pH 7.4). 
 
Bovine Serum Albumen (BSA) 
A 1% (w/v) solution of BSA was prepared by dissolving 50 mg in 5 ml H2O. 
 
Calcium Chloride (CaCl2) 
A 1.6 mM solution of CaCl2 was prepared by dissolving 1.8 mg in 10 ml PBS (pH 7.2, 
7.4 and 7.6). 
 
Dopamine (DA) 
A 0.1 mM solution of DA was prepared by dissolving 1.9 mg in 100 ml PBS (pH 7.4), 
1 ml of this solution was then diluted in 1 litre of PBS, giving a 0.1 µM solution. 
 
FBRR/H2SO4 
0.544 ml H2SO4 (98%) was added to 100 ml H2O, forming a 0.1 M solution. 2 mM 
FBRR (7.7 mg) was added to 10 ml of the prepared 0.1 M H2SO4, before being 
sonicated for ca. 20 s. The solution was stored at 4°C when not in use. 
 
FBRR/TEABF4/ACN 
TEABF4/ACN was prepared by dissolving 0.1 M TEABF4 (2.171 g) in ACN (100 ml). 
FBRR, 2 mM (7.7 mg), was added to 10 ml of the prepared solution and was sonicated 
for ca. 20 s. The solution was stored at 4°C when not in use. 
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Homovanillic Acid (HVA) 
A 50 µM solution of HVA was prepared by dissolving 0.9 mg in 100 ml PBS (pH 7.4). 
 
L-Cysteine 
A 100 µM solution of L-Cysteine was prepared by dissolving 1.2 mg in 100 ml PBS 
(pH 7.4). 
 
L-Glutathione 
A 100 µM solution of L-Glutathione was prepared by dissolving 6.0 mg in 100 ml PBS 
(pH 7.4). 
 
L-Tyrosine 
A 200 µM solution of L-Tyrosine was prepared by dissolving 3.6 mg in 100 ml PBS 
(pH 7.4). 
 
Magnesium Chloride (MgCl2) 
A 21 mM solution of MgCl2 was prepared by dissolving 20 mg in 10 ml PBS (pH 7.2, 
7.4 and 7.6). 
 
Phosphate Buffered Saline (PBS) 
PBS was prepared by dissolving 8.9 g NaCl (0.15 M), 1.76 g NaOH (44 mM) and 6.86 
g NaH2PO4.2H2O (44 mM) in 1 litre of H2O. The pH was adjusted to 7.2, 7.4 or 7.6, 
using NaOH or NaH2PO4.  
 
PBS: Varied Ionic Strength (I) 
I = 0.23 M: PBS was prepared by dissolving 4.38 g NaCl (75 mM), 0.88 g NaOH (22 
mM) and 3.43 g NaH2PO4.2H2O (22 mM) in 1 litre of H2O. The pH was adjusted to 
7.2, 7.4 or 7.6, using NaOH or NaH2PO4.  
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I = 0.92 M: PBS was prepared by dissolving 17.52 g NaCl (0.30 M), 3.52 g NaOH (88 
mM) and 13.72 g NaH2PO4.2H2O (88 mM) in 1 litre of H2O. The pH was adjusted to 
7.2, 7.4 or 7.6, using NaOH or NaH2PO4.  
 
Phosphatidylethanolamine (PEA) 
A 1% (w/v) solution of PEA was prepared by dissolving 50 mg in 5 ml H2O. 
 
Serotonin (5-HT) 
Solutions containing 1.0 and 10.0 µM 5-HT were prepared by dissolving 0.2 mg in 1 
litre, and 0.2 mg in 100 ml, PBS (pH 7.4), respectively. 
 
Sodium Bicarbonate (NaHCO3) 
A 45 mM solution was prepared by adding 0.378 g NaHCO3 to 100 ml H2O. 
 
TritonX® 
A 1% (w/v) solution of TritonX® was prepared by dissolving 50 mg in 5 ml H2O. 
 
Uric Acid (UA) 
100 µM and 5.0 mM solutions of UA were prepared by dissolving 1.9 mg and 95 mg, 
respectively, in 100 ml PBS (pH 7.4). 
 
Zinc Chloride (ZnCl2) 
0.5, 1.0, 2.0 and 5.0 mM solutions of ZnCl2 were prepared in 0.1 M TEABF4/ACN. 
 
2.2.3 Instrumentation and Software 
Electrochemical experiments for potentiometry and CV, relating to PPy, were 
performed on a Solartron SI 1287 potentiostat. The Solartron potentiostat used 
Scribner Associates Corrware® for Windows Version 2.1 and the resulting data were 
analysed using Scribner Associates CorrView® version 3.0. Electrochemical 
impedance spectroscopy (EIS) was undertaken on a Solartron SI 1287 potentiostat, 
coupled with a Solartron frequency response analyser model SI 1255B. Scribner 
Associates ZPlot® version 2.1 was the software used for the impedance experiments 
and all resulting data was analysed using ZView® 2.1. 
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For the pH sensor development, the potentiostat used was a 4 Channel Biostat from 
ACM instruments. This was used in conjunction with an 8 Channel PowerLab® 8/SP, 
which allowed digital-analogue and analogue-digital conversion between the computer 
and the potentiostat. Constant potential amperometry (CPA) was carried out using 
Chart 4 and LabChart 6 (AD Instruments, Oxford, UK). CV and LSV experiments 
were carried out using EChem 2 Application for Windows. All results were analysed 
using GraphPad Prism® 5.01.  
A list of all other equipment used throughout this thesis is provided along with the 
relevant model numbers. 
 
pH Meter 
The pH meter used for all PPy experiments was a Jenway 370 Enterprise. 
A pH/Ion 510 (Eutech Instruments) was used for the development of the pH sensor. 
 
Electronic Balance 
The balance used for all PPy experiments was a Sartorius, Model TE 2145. 
A Sartorius, Model BP 310P, was used for the development of the pH sensor. 
 
Sonicator 
The sonicator used for all PPy experiments was a Branson 1510. 
A Fisherbrand FB 11002 was used for the development of the pH sensor.  
 
FT-IR 
The IR equipment used was a Perkin Elmer 2000. 
 
Sputter Coater  
The sputter coater used throughout this thesis was an Emitech K550 (Agar Scientific). 
SEM 
The SEM used was a Hitachi S-3200-N. 
 
EDX 
The EDX coupled to the SEM was an INCA x-act (Oxford Instruments). 
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Microscope 
The microscope used in the preparation of all micro-electrodes was an Olympus stereo 
microscope SZ51 (Olympus America). 
 
Constant Flow Micro Pump 
A Univentor 801 syringe pump was used to change solution pH for the real-time in-vitro 
studies. 
 
Vortex 
The vortex used, to ensure homogeneous solutions, was Reax control from Heidolph. 
 
Temperature Probe 
A Yellowline TC1 temperature probe was used, in conjunction with a Yellowline MST 
basic C hotplate, to monitor and maintain the solution temperature at 37°C, when 
required. 
 
2.3 Electrochemical Cell Set-Up 
All surfaces in this thesis were electrochemically synthesised, on substrates with 
different surface areas. A standard three electrode cell was employed for all CV, EIS, 
LSV and CPA experiments, consisting of a working electrode, reference electrode and 
an auxiliary electrode. For the electrochemical analysis of PPy, the three electrodes 
included, a gold disc working electrode, diameter, Ø = 3 mm, a saturated calomel 
reference electrode (SCE) and a large surface area platinum auxiliary electrode. 
Current is passed through the auxiliary electrode during a redox reaction. If the surface 
area of the auxiliary electrode is smaller than that of the working electrode, it can 
impede the reaction taking place at the working electrode.1 Therefore, an auxiliary 
electrode with a higher surface area than the working electrode is generally used for 
electrochemical experiments. For the development of the pH sensor, the working 
electrodes were either, carbon paste electrodes (CPEs) or carbon fibre electrodes 
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(CFEs) with Ø = 0.27 mm and 7 µm, respectively. A platinum auxiliary wire was used 
for all in-vitro experiments, with a silver auxiliary wire used for in-vivo experiments.  
Generally, a SCE was the reference electrode of choice for in-vitro experiments, except 
those designed to mimic in-vivo conditions, where a pseudo Ag/AgCl reference 
electrode was used. The pseudo Ag/AgCl reference was employed for all in-vivo 
experiments. The electrochemical cell was a glass cylinder, which included a Teflon® 
lid with openings for each of the electrodes. The three electrodes were immersed in the 
electrolyte solution with added analytes. A schematic of a typical three electrode cell 
is shown in Figure 2.1.2 When not in use, the SCE was stored in a saturated solution 
of potassium chloride (KCl), to prevent the porous frit at the tip of the electrode from 
drying out. The electrode was rinsed with distilled water between experiments to avoid 
contamination of other electrolyte solutions with KCl. The electrode’s internal KCl 
solution was refreshed on a weekly basis. The platinum counter electrodes were 
cleaned regularly with silicon carbide based abrasive paper (Buehler P2500). They 
were then sonicated in distilled milli-Q water and ethanol for 300 s, respectively. 
 
 
 
Figure 2.1: Schematic of a three electrode cell,2 showing the working (W), reference (R) and 
auxiliary/counter (C) electrodes, with an inlet to enable N2 saturation of the electrolyte solution. 
 
2.3.1 Preparation of Working Electrodes 
The preparation and maintenance of the working electrodes used throughout this 
thesis are described in this section.  
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Gold Electrodes 
A gold (99.95%) rod (Ø = 3 mm) was cut into lengths of ca. 2 cm. An electrical 
contact between the metal and the external circuit was achieved by attaching a copper 
wire to the gold surface, with a conducting epoxy resin.  The electrical contact was 
verified using a multimeter, with a resistance ≤ 1 Ω required. The wire was then 
threaded through the Teflon® holder leaving the metal exposed at one end.  The end of 
the electrode, with the copper wire, was sealed with silicone and the end of the 
electrode, with the metal exposed, was sealed using a non-conducting epoxy resin, see 
Figure 2.2. Prior to use, all electrodes were carefully polished to eliminate surface 
irregularities and scratches. They were manually polished using a succession of smaller 
diamond grade polishes, Buehler MetaDi Monocrystalline Diamond Suspension, from 
30 µm to 1 µm, and a Buehler polishing micro cloth.  Finally the electrodes were 
polished using an Al2O3 paste, 0.5 µm. The electrodes were sonicated in ethanol and 
H2O between each grade of polish. This protocol was also used to remove polymers, 
exposing a clean reusable, electrode surface. 
 
Figure 2.2: Schematic of a gold disc electrode.  
 
Carbon Paste Electrodes (CPEs) 
CPEs were prepared by thoroughly mixing graphite powder (0.71 g), with silicone oil 
(250 µl) using a pestle and mortar for up to three hours. Every 10 minutes, the sides of 
the container were scraped with a scalpel blade, collecting the paste together. A 5 cm 
length of Teflon insulated silver wire was cut. Approximately 1 mm of the Teflon 
insulation was removed from one end, exposing the bare silver wire. Using a tweezers, 
Non-Conducting 
 Epoxy Resin 
Copper Wire 
Gold 
Teflon® 
Experimental                              Chapter 2 
66 
 
the Teflon® was gently moved along the length of the wire, exposing a 1 mm cavity at 
the other end of the electrode. The exposed silver wire was then soldered into a gold 
clip, which served as the electrical connection. The cavity was subsequently packed 
by tapping it in the prepared carbon paste. A bare silver wire, with the same diameter, 
was used as a plunger, to ensure good electrical contact and that the paste was 
compactly packed. The packing procedure was repeated three times until the cavity 
was full. The surface was levelled by gently rubbing it on a clean, flat surface. A 
schematic of a CPE is shown in Figure 2.3. 
After each use, the top 1 mm section, containing the carbon paste, was cut off. The 
gold clip was removed and the Teflon® was moved along the electrode exposing a new 
cavity. The gold clip was re-soldered into position, and the cavity was repacked as 
previously described.  
 
 
 
Figure 2.3: Schematic of a typical CPE. 
 
Carbon Fibre Electrodes (CFEs) 
CARBOSTAR-1 (E1011) standard CFEs were purchased from Kation Scientific, 
Kation Europa Bt., Hungary. The CFEs used in this thesis consisted of a 7 μm diameter 
single carbon fibre, which was held in a 1.5 mm diameter borosilicate glass capillary 
tubing. The carbon tip was conically shaped and protruded from the glass insulation 
by 20 μm ± 5 μm, leaving a cylindrical surface. 
Before each use, the CFEs were pre-treated by applying a constant potential of 2.0 V 
vs. SCE for 30 s followed by -2.0 V vs. SCE for 10 s in PBS, 0.1 M NaOH or 0.1 M 
H2SO4. This enhanced their electrochemical performance
3, 4 by either etching the 
surface thereby increasing the surface area, or forming surface oxides that could 
facilitate electron transfer.5 As the CFEs were covalently modified with FBRR, they 
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could not be re-used, so new CFEs were used in each experiment. Figure 2.4 shows an 
image of a CFE, the 7 µm carbon tip is not visible protruding from the glass capillary. 
 
 
Figure 2.4: Image of a carbon fibre electrode as supplied by Kation Scientific. 
 
2.3.2 Electrode Modification 
 
Electropolymerisation of Pyrrole: Bulk and Nanowire Polymers 
Nanowire PPy was obtained using 0.15 M/75 mM monomer in an aqueous solution 
containing 0.2 M Na2HPO4 and 2 mM LiClO4, at a constant potential of 0.80 V vs. 
SCE for 300 s. The bulk polymer was achieved by changing the solution pH to ca. 5.5 
and applying a constant potential of 0.80 V vs. SCE for 300 s. A second, thinner, bulk 
polymer was deposited by applying the same potential until a charge of 0.01 C was 
attained.  The electropolymerisation solution was formed by dissolving the LiClO4 and 
NaH2PO4 in 10 ml H2O. While stirring, the pyrrole was added, and stirring was 
continued for a few minutes. 
 
Electrodeposition of FBRR onto CPEs 
The FBRR modified CPE was obtained using a solution of 2 mM FBRR in 0.1 M 
H2SO4, which was N2 saturated for 20 minutes, before being electrochemically 
deposited by LSV, 5 sweeps, from 0.40 V to -0.80 V vs. SCE. The first 4 modified 
electrodes, from each freshly made solution, were not used for analyses (see Section 
4.2.3.17). When not in use, the FBRR solution was stored at 4°C. 
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Electrodeposition of FBRR onto CFEs 
CFEs were pre-treated in 0.1 M H2SO4 by applying constant potentials of 2.0 V vs. 
SCE for 30 s, followed by -2.0 V vs. SCE for 10 s. FBRR was then electrochemically 
reduced, onto the pre-treated CFEs, from a N2 saturated solution of 2 mM FBRR in 0.1 
M TEABF4/ACN by LSV, 5 sweeps, from 0.40 V to -0.80 V vs. SCE. When not in 
use, the FBRR solution was stored at 4°C. 
 
Styrene Modified CPEs (SMCPEs) 
CPEs were prepared as described in Section 2.3.1. They were then stored overnight, in 
styrene, at 4°C, causing the carbon paste to contract within the Teflon® cavity. 
Quantities ranging from 12-25 µl of styrene were added to 0.025 g carbon paste, and 
repacked into the electrode cavity.6 The surface was levelled off by gentle rubbing on 
a clean, flat surface. SMCPEs were modified with FBRR as previously described.  
 
 
2.3.3 Preparation of Electrodes for Surface Analysis 
 
All SEM and EDX analyses were carried out using a Hitachi S-3200-N, with a tungsten 
filament electron gun. This has a maximum magnification of 200,000x and resolution 
of 3.5 nm. This microscope was equipped with an Oxford Instrument INCA x-act EDX 
system with silicon drift detector.  
 
Preparation of PPy Samples 
Once the polymers were prepared, the electrodes were rinsed with H2O to remove any 
excess electrolyte from the modified surface. The electrodes were dried with a low 
pressure N2 flow, before insertion into the sputter coater. A vacuum was applied for 
ca. 30 minutes to ensure no solvent remained within the polymer matrix. Sputter 
coating was performed, under argon, with an Au/Pd target, until a thickness of 20 nm 
was obtained. Copper tape was used to connect the surface of the modified electrode 
to the specially adapted aluminium holder, to reduce the build-up of incident electrons 
on the sample that can cause sparking within the SEM chamber. 
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Preparation of CPE Samples 
After the FBRR was electro-reduced onto the surface, the electrodes were rinsed with 
H2O, to remove any excess electrolyte. Once dried, a 5 mm long section was cut from 
the working end of the electrode. The Teflon was carefully removed from the bottom 
2 mm, and the exposed silver wire was angled to 90° and placed onto 12 mm carbon 
adhesive tabs (Agar Scientific), mounted on 15 mm x 6 mm specimen stubs (Agar 
Scientific), so that the modified surface was ca. 90° to the mount, see Figure 2.5. The 
stubs were placed in the sputter coater and a vacuum was applied for 30 minutes. 
Sputter coating was performed, under argon, with an Au/Pd target, until a thickness of 
5 nm was obtained.  
 
 
 
Figure 2.5: Modified CPEs mounted on a specimen stub for imaging. 
 
2.4 In-Vivo Experiments 
This section describes, in detail, the materials and methods used for in-vivo testing of 
the pH sensor. All animal experiments were conducted under licence B100/2205, in 
accordance with the European Communities Regulations 2002 (Irish Statutory 
Instrument 566/2002 and U.K. Animals (Scientific procedures) Act 1986).  Every 
effort was made to minimise any suffering caused to the animals used. 
 
2.4.1 Electrodes 
In-vivo experiments were performed using CPEs and CFEs. The auxiliary electrode 
used was a 5 mm long, 0.2 mm diameter silver wire. The SCE reference electrode was 
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used for the majority of in-vitro experiments, but because of the toxic mercury 
contained within,7 and difficulties in miniaturising,  it was not suitable for in-vivo 
experiments. A pseudo Ag/AgCl reference electrode, manufactured on site, replaced 
the SCE for all in-vivo experiments.  
To prepare the pseudo Ag/AgCl reference electrode, a 5 cm length of Ag wire was cut. 
The Teflon insulation was removed from 2 mm at one end and this was soldered into 
a gold clip, which served as an electrical contact and support for the electrode. A 5 mm 
section of Teflon was removed from the other end, exposing the bare silver wire. The 
wire was connected to the negative terminal of a 9 V battery (anode) and a Pt or Ag 
wire was connected to the positive terminal (cathode). The electrodes were immersed 
in 1.0 M HCl for 30 s, resulting in electroplating a layer of AgCl on the silver electrode 
surface, according to Equations 2.1 and 2.2. 
 
       Ag → Ag+ + e‐                2.1 
                                                   Ag+ + Cl‐  → AgCl                                              2.2 
 
2.4.2 Subjects 
Male Wistar rats, (rattus norvegicus), were used for all in-vivo experiments (Charles 
River UK Ltd., Manston Rd., Margate, Kent CT9 4LT UK). The animals, weighing 
between 300 and 550 g were group housed, maximum of 3 animals per cage, in a 
strictly controlled environment. The temperature was maintained between 17 and 
23°C, with humidity of 55 ± 10 %.  A 12 hour light/dark regime was enforced.  All 
animals had access to water and food ad libitum. 
 
2.4.3 Surgical Protocol 
Prior to any surgeries, all instruments and supplies to be used were sterilised by 
autoclaving at 126°C for 20 minutes. All other equipment to be used in the surgical 
procedures, e.g., microscope, operating lights and heating pad were cleaned with 
Virkon (5%) and allowed to dry. The recording equipment required for the procedure 
was subject to the same cleaning procedure. 
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Anaesthesia was induced in the gas chamber with an air-flow of 600-700 ml/minute 
and Isoflurane at 4%, for ca. 5 minutes.  The animal was removed from the chamber, 
weighed and the upper hind limbs were shaved. The animal was then replaced in the 
induction chamber for a further 5 minutes. The subject was then placed, in the 
supine position, on a heating pad, in the nose-piece set-up, where the air-flow was set 
at 400-500 ml/minute and isoflurane at 2.0-2.5%, depending on the procedure’s pain 
level. The rectal probe was positioned, ensuring a body temperature of 37°C. The 
shaved area of the hind limb was sterilised with an iodine solution to prevent the 
subject from getting any infection following introduction of the device into the muscle. 
 
2.4.3.1     Induction of Ischemia  
For experiments involving the CPEs, an 18 gauge needle, (inner Ø = 0.84mm), 
containing the working, reference and auxiliary electrodes, was inserted through the 
skin of the exposed area and deep enough to reach muscle (minimum 1 cm). The needle 
tip was then retracted from the muscle and the pH sensor was left in-situ. CV recording 
was commenced. Once sufficient background cycling had occurred, ca. 45 minutes, a 
sterilised tourniquet was applied to the lower limb and was tightened to induce 
ischemia. The ischemic insult was continued over a 10 minute period, a duration 
sufficient to inflict ischemia without causing irreversible damage.  After this time 
period the tourniquet was cut from the subject’s limb to allow reperfusion of the muscle 
tissue. This reperfusion period was recorded for a 45 minute period, allowing 
comparison of pre- and post-ischemia potential recordings. 
For experiments involving the CFEs, a 14 gauge needle, (inner Ø = 1.60 mm) was used 
to insert the working electrode through the exposed skin and an 18 gauge needle, 
containing the reference and auxiliary electrodes, was inserted close in proximity to 
the working electrode. The needle tips were withdrawn, leaving the electrodes in-situ. 
The procedure then continued as described above.  
 
2.4.3.2     Injection of Sodium Bicarbonate 
The surgical protocol was carried out according to that described in Section 2.4.3. The 
working (CPE), reference and auxiliary electrodes were inserted into the animal’s hind 
leg muscle using an 18 gauge needle, which was then withdrawn, leaving the recording 
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electrodes in-situ.  CV recording commenced and background cycling lasted 45 
minutes. Injections (0.1 ml) of sodium bicarbonate (45 mM) were administered 
directly into the tissue under investigation, close to the electrode location, after 50, 55 
and 60 minutes. The limb was allowed to recover for a further 45 minutes. Recording 
continued throughout the experiment, lasting ca. 100 minutes in total. 
 
2.4.3.3     Termination 
Euthanasia was facilitated by administration of 1.0 ml of pentobarbitol sodium 
(euthatal) into the lower left or right quadrant of the abdomen of the animal. 
 
2.5 Data Acquisition and Statistical Analysis 
The data acquired from the experimental techniques used in Chapter 3 were translated 
into excel files (.xls) for mathematical and statistical analysis. The standard error bars 
are expressed in absolute units of measurement, represented by the standard error of 
the mean (𝑆𝐸̅ x̅), i.e., standard deviation (𝑠) divided by the square root of the sample 
size (𝑛), as shown in Equation 2.3. 
                                                            SEx̅ = 
s
√n
                                                    2.3 
All pH experiments were analysed using linear regressions. All regression models fall 
between the two extremes of zero correlation and a perfect correlation, i.e., 0 ≤ R2 ≤1. 
In order to test whether two sets of results were statistically different, t-tests were used. 
A t-test is a statistical examination of two population means, resulting in a P-value. 
The P value is a probability, which helps to determine the significance of the results, 
where 0 ≤ P ≤ 1. The standard 95% confidence interval was used for these tests, so a 
P-value less than 0.05 indicated a significant difference between the two data sets, 
whereas a P-value higher than 0.05 indicated no significant difference.8 These analyses 
were performed using GraphPad Prism®, version 5.01. 
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3.1 Introduction 
Polypyrrole (PPy) is one of the most extensively studied conducting polymers, due to 
its ease of preparation and its attractive range of properties, including high 
conductivity1, redox activity,2 and ion exchange capabilities.3  An additional feature of 
PPy is that it forms a biologically compatible polymer matrix.4, 5 Therefore, it has been 
used in a wide range of biomedical fields including the development of biosensors,6, 7 
tissue engineering8, 9 and implantable bio devices.4  Electrochemical polymerisation of 
pyrrole allows control over the film thickness and morphology, as well as permeation 
and charge transport by adjusting the electrochemical parameters.10 Furthermore, 
electropolymerised PPy films have a strong adherence to the electrode surface.11, 12 
The properties of PPy depend on its morphologies which are in turn determined by the 
synthesis conditions,13 including, monomer concentration,14 applied potential,15 
solvent and supporting electrolyte,16 dopant ions17 and pH.18 The morphology of bulk 
PPy formed at electrode surfaces is generally in “cauliflower” form.19 
Because of their size, nanomaterials display several properties that are different to 
those displayed by their bulk material counterparts.19, 20  The electrochemical, template 
free, formation of PPy nanowires was developed and characterised about 10 years 
ago,16 and was adapted in this thesis. In general, nanowires possess a higher surface 
area and shorter diffusion lengths than their analogous bulk materials, providing the 
wires with more attractive electrochemical properties.21 The aim of this chapter is to 
compare the properties of bulk and nanowire conformations of PPy using similar 
electropolymerisation conditions, and also bulk and nanowire conformations adapted 
to have similar electroactive surface areas. The polymers were designed with these 
specific objectives in mind, and do not represent the optimum conditions for polymer 
growth. Assuming the nanowire morphology afforded greater surface area and 
electrochemical properties than the bulk conformation, this would enhance their 
modification as they would possess a greater number of electrochemically active sites 
for the attachment of e.g. copper structures for the detection of nitrate ions.  All 
polymer films formed were subsequently analysed for their electrochemical properties 
using cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). 
The influence of different electrolytes on the impedance was also examined. 
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In this section the electropolymerisation of pyrrole onto bare gold electrodes was 
investigated. A nanowire morphology was obtained by adopting a method developed 
by Debiemme-Chouvy.16  The conditions for the nanowire growth were then adapted 
to assess the effect of the perchlorate cation, Na+ and Li+, on the nanowire diameter. 
Further amendments were carried out in order to reduce the length of the nanowires, 
as those formed from aqueous solutions tend to display “water defects” i.e., the 
inclusion of carbonyl groups into the polymer backbone, leading to decreased 
conductivity.   
Once these growth conditions were confirmed, a simple change in the solution pH 
resulted in the corresponding bulk polymer, albeit of a substantially larger surface area.  
The electrochemical properties of both polymer films, bulk and nanowire, grown using 
the same conditions were analysed by CV and EIS.  The bulk polymer growth 
conditions were then adapted to give a bulk polymer with a similar surface area to the 
nanowire films.  The electrochemical properties of these two polymers were 
subsequently investigated by CV and EIS. Impedance experiments were also carried 
out in 0.2 M KCl, Na2HPO4 and LiClO4 to examine the influence of the different 
electrolytes on the electrochemical properties of the polymers formed. 
 
 
3.2 Results and Discussion 
 
3.2.1 PPy Morphologies 
The electrochemical polymerisation of pyrrole is affected by a wide range of 
parameters, among them the supporting electrolyte and its effect on the solution pH.22 
Varying these conditions can lead to polymers of different physical morphologies, and 
therefore, electrochemical properties.  
Electrochemical polymerisation of pyrrole was carried out in solutions of various pH, 
in order to observe the resulting morphology. This was achieved by changing the 
phosphate component of the electrolyte solution. It should be emphasised that the 
solution pH and the pH at the working electrode were not the same. Protons were 
released during polymerisation, two per monomer, which can cause the solution pH to 
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fall over time, at the electrode surface,16, 18 (see Section 1.5.2.1). The pH of the 
electrolyte solutions, measured just before polymerisation, is therefore, for comparison 
purposes only. Two contrasting morphologies of PPy, a bulk polymer, which has a 
distinct “cauliflower” appearance, or nanowires were formed. Table 3.1 lists the effect 
of varying phosphate in the electrolyte solution, giving the solution pH and the PPy 
morphology obtained. All solutions contained 0.15 M pyrrole, 2 mM ClO4
- ions and 
0.2 M of the relevant phosphate, in an aqueous solution. 
 
Table 3.1: Variation of PPy morphology obtained by changing the phosphate component, and hence 
pH, of the electrolyte solution.  
Phosphate (0.2 M) pH Morphology 
NH4H2PO4 4.5 Bulk 
Na2HPO4 9.2 Nanowire 
NaH2PO4 4.5 Bulk 
Na2HPO4/ NaH2PO4 7.7 Nanowire 
 
 
3.2.2 PPy Morphologies Deposited from Similar Electrochemical Conditions 
In order to compare the electrochemical properties of bulk and nanowire 
conformations of PPy, the polymers were formed using the same pyrrole 
concentration, in the same electrolyte solution, but different pH values. The 
electrochemical polymerisation was carried out using the same conditions, 0.80 V vs. 
SCE for 300 s. CVs of both polymer morphologies were examined. 
 
3.2.2.1 PPy in Nanowire Morphology 
It was found, in Section 3.2.1, that in order to obtain a nanowire morphology of PPy, 
the solution pH should be alkaline before the onset of polymerisation.  On release of 
H+ ions during electropolymerisation, the pH at the electrode surface falls to a 
neutral/slightly acidic pH required for the successful formation of PPy nanowires.16, 23 
An aqueous solution containing 0.15 M pyrrole, 0.2 M Na2HPO4 and 2 mM LiClO4 
was employed to deposit pyrrole onto the gold substrate, potentiostatically, at 0.80 V 
vs. SCE for 300 s. An advantage to using a constant potential method of deposition is 
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that no surface pre-treatment or template is required, as the method of nanowire growth 
relies only on the reactants and the potential applied to the working electrode.24  Figure 
3.1 shows the current-time plot obtained using the aforementioned conditions, 
alongside a SEM micrograph of the nanowires formed.  In any polymerisation 
experiment, the application of the potential to the electrode leads to an initial charging 
current which arises from the charging of the double layer.25  This charging current 
decays rapidly, depending on the conductivity of the solution, caused by the depletion 
of the monomer concentration at the electrode surface.26 In this system the current 
continued to decay to a low value, indicating a slow rate of electropolymerisation at 
the electrode surface. The current output then stabilised indicating a steady rate of 
polymer growth.  
These slow rates of electropolymerisation can be explained by the solution pH, which 
was recorded as 9.2. This corresponds to a relatively high concentration of OH- ions in 
solution, which are known to terminate the  propagation of pyrrole chains, leading to 
the formation of an over-oxidised polymer in unbuffered solutions.27  However, a 
phosphate solution was used here, which was used as a buffer, to control the pH of the 
solution and subsequently the morphology of PPy nanowires.24 Also, the release of H+ 
ions on polymerisation neutralises the OH- ions leading to a relatively neutral pH at 
the electrode surface, for the optimum polymerisation conditions, hence the initial 
decrease was stabilised and uniform growth ensued. Although neutral to slightly acidic 
conditions are more favourable for PPy formation, solutions of high acidity can cause 
a reduction in the polymer conductivity, due to the acid catalysed formation of non-
conjugated trimers.28 
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Figure 3.1: Current-time plot for the electropolymerisation of pyrrole and SEM micrograph of the 
resulting PPy nanowires, from a solution containing 0.15 M pyrrole, 0.2 M Na2HPO4 and 2 mM LiClO4, 
for 300 s at 0.80V vs. SCE. 
 
3.2.2.2 Effect of Perchlorate Dopant Ions 
Electrochemical polymerisation of pyrrole results in the polymer being in an oxidised 
state, with a positive charge on the chain,28 which is balanced by doping anions. This 
was explained in more detail in Section 1.5.1. Typical anionic dopants are chlorides, 
bromides, iodides, perchlorates, nitrates, sulfates, phosphates and para-toluene 
sulfonates.29  The chemical nature of the dopant affects the electroactivity, as well as 
surface and bulk structural properties, of the polymer.17, 30, 31  A perchlorate anion was 
the anion of choice in this chapter. Although the ClO4
- was present at very low 
concentrations, 2 mM, it was essential to the formation of the nanowires. In the absence 
of, or in higher concentrations of perchlorate, e.g., 0.1 M, PPy wires will not form. 
Since ClO4
- is inserted into the polymer backbone as a dopant, it has a large impact on 
the growth rate achieved. Higher concentrations result in a higher growth rate leading 
to the formation of a bulk polymer.32 
 In order to examine the effect of the cation bound to the perchlorate, on the deposited 
nanowires, electropolymerisation of pyrrole was carried out using Li+ and Na+ 
perchlorate salts.  SEM micrographs were obtained and the diameters of a random 
selection of the formed nanowires were measured.  The results are displayed in Table 
3.2 and show that the smaller cation, Li+, resulted in significantly thinner nanowires, 
(P = 0.0016). 
 
30 µm 
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Table 3.2: Comparison of the diameters of nanowires obtained using Na+ and Li+ perchlorate dopant 
ions. 
Cation Mean Ø (nm) SEM n P-value 
Na+ 115.20 2.72 50 
0.0016 
Li+ 103.40 2.42 50 
 
 
3.2.2.3 PPy Chain Defects 
Literature has shown that increasing the polymerisation time results in wires of longer 
length,19, 23 with no change in their diameter.33   Contrary to some findings that the 
longer wires possess higher conductivity, due to the increased amount of conjugation, 
longer PPy nanowires formed from aqueous solutions have been found to have inferior 
conductivities.23, 34  The relatively high polymerisation potential, required when using 
aqueous solutions, causes the oxidation of water, forming OH radicals, which react 
with the polymer backbone by replacing the dopant anions. The resultant formation of 
carbonyl groups on the α-carbon of the pyrrole ring breaks the conjugation of the 
polymeric chain, leading to decreased electrochemical properties of the polymer.35 
In order to reduce the length of the nanowires formed, thereby reducing the number of 
carbonyl defects on the polymer backbone, the electropolymerisation time was reduced 
from 300 s to 100 s. The resulting current-time plot is shown in Figure 3.2, alongside 
the corresponding SEM micrograph. The current shows an initial decay to a very low 
value, indicative of a slow deposition rate at the electrode surface. Contrary to Section 
3.2.2.1, where the current decay stabilised to give good nanowire formation, here the 
current continued to decay. Indeed, the current-time plot in Figure 3.2 would suggest 
the formation of an insulating polymer. However, on examination of the accompanying 
SEM micrograph in Figure 3.2, it was clear that 100 s was not a sufficient time span 
to allow the formation of the wires. Indeed for shorter times, < 300 s, the charge 
consumed is mainly used to coat the gold surface with a PPy sublayer from which the 
PPy nanowires start to grow.36 There was evidence of the onset of sporadic nanowire 
formation. Further examination of the SEM micrograph gave evidence of a film 
formation that acts as a base from where the nanowire growth has initiated. This two-
step nanowire formation has previously been suggested37,38 and involves an 
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instantaneous nucleation process resulting in a 3-dimensional growth pattern, followed 
by the 1-dimensional growth of the nanowires from this film support.16, 19 
 
    
Figure 3.2: Current-time plot for the electropolymerisation of pyrrole and SEM micrograph of the 
resulting PPy nanowires, from a solution containing 0.15 M pyrrole, 0.2 M Na2HPO4 and 2 mM LiClO4, 
for 100 s at 0.80V vs. SCE. 
 
Several reports refer to the use of lower monomer concentrations resulting in shorter 
nanowire length.39 40 A monomer concentration of 75 mM was, therefore, 
electrodeposited onto gold electrodes for 300 s at 0.80 V vs. SCE from a solution 
containing 0.2 M Na2HPO4 and 2 mM LiClO4. The current-time plot, in Figure 3.3., is 
almost identical to that described in Section 3.2.2.1, which resulted in a uniform 
coverage of the electrode surface with PPy nanowires. The SEM micrographs, in 
Figure 3.4, show various magnifications of the nanowires formed, with the electrode 
surface covered with a consistent mesh of fine wires.  
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Figure 3.3: Current-time plot for nanowires formed from 75 mM pyrrole at 0.80 V vs. SCE for 300 s. 
 
 
Figure 3.4: SEM micrographs of nanowires formed from 75 mM pyrrole at 0.80 V vs. SCE for 300 s. 
 
FT-IR analyses of PPy nanowires grown from 0.15 M and 75 mM solutions of pyrrole, 
provided direct evidence for the development of carbonyl defects. Figure 3.5(A) shows 
the characteristic C=O band at ca. 1750 cm-1 for nanowires generated from 0.15 M 
pyrrole. Figure 3.5(B), however, shows that this band was substantially reduced, 
although not totally eliminated, when a solution containing 75 mM pyrrole was 
employed. This confirmed that using a lower monomer concentration reduced the 
0 100 200 300
0
2
4
6
8
10
Time/s
C
u
rr
e
n
t 
D
e
n
s
it
y
/m
A
 c
m
-2
10 µm 
3 µm 1 µm 
Electrochemical Properties of Polypyrrole                                                    Chapter 3         
 
83 
 
amount of carbonyl defects along the PPy backbone, which should result in a polymer 
of higher conductivity.  
 
 
Figure 3.5: FT-IR spectra of PPy nanowires electrodeposited from aqueous solutions containing (A) 
0.15 M and (B) 75 mM pyrrole.  
 
3.2.2.4 PPy in Bulk Morphology 
Sections 3.2.2.1-3 developed conditions for the electrochemical polymerisation of PPy 
nanowires onto a gold substrate.  In order to compare their electrochemical properties 
with those of a bulk polymer grown using the same parameters, the solution pH was 
changed to a slightly acidic value, as directed by Table 3.1, using concentrated HClO4.   
The optimum growth conditions for a bulk polymer are at a neutral or slightly acidic 
pH.34 For bulk PPy a solution that is too acidic or basic will interfere with conjugation, 
resulting in a polymer of lower conductivity.28 Figure 3.6 shows the current time plot 
for the bulk polymer grown to the same conditions as the nanowires in Section 3.2.2.3. 
The corresponding plot for nanowires is also shown, for ease of comparison.  
When compared to the current-time plot for nanowires, the region where the 
electrochemical current recovers and increases sharply is indicative of a rapid increase 
in the electrode surface area,14 as the PPy quickly nucleates and deposits onto the 
electrode surface, finally reaching a steady state, indicating efficient formation of the 
polymer. The mechanism behind the polymerisation of pyrrole at a constant potential 
has been well documented.26, 41   
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Figure 3.6: (A) Current-time plots for the electropolymerisation of bulk and nanowire morphologies of 
PPy grown at 0.80 V vs. SCE for 300 s, from a solution containing 75 mM pyrrole, 0.2 M Na2HPO4 and 
2 mM LiClO4. (B) SEM micrograph of the resultant bulk “cauliflower” PPy formed.  
 
The current-time plots obtained during the polymerisation of pyrrole occur in three 
stages. The first stage, is the current spike whose decay is dependent on potential and 
is said to represent the electrode surface coverage with a monolayer of polymer film. 
The second stage, refers to the rise in current lasting for a number of seconds, 
indicating the rapid polymerisation at the electrode surface, and the third stage is 
represented by the continued steady state current flow for the remainder of the 
electrochemical deposition. These three stages were observed during the potentiostatic 
deposition of the bulk PPy film in Figure 3.6. 
It is clear from a comparison of the two current-time transients, in Figure 3.6, that the 
bulk polymer was deposited at a high rate, and the nanowire film was formed at a much 
slower rate. It is this slow growth that leads to the formation of nanowires and not bulk 
PPy. 
The surface morphology of the bulk polymer was examined by SEM. The micrograph, 
in Figure 3.6, shows the resulting polymer produced from the electrochemical 
polymerisation of pyrrole, from a solution containing 75 mM pyrrole, 0.2 M Na2HPO4 
and 2 mM LiClO4 (pH = 5.5), potentiostatically at 0.80 V vs. SCE for 300 s. It can 
clearly be seen that the polymer displayed the typical “cauliflower” morphology of 
PPy films.42 
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3.2.2.5 Electrochemical Properties 
The redox activity of the nanowire and bulk modified electrodes, as specified in 
Sections 3.2.2.3 and 3.2.2.4, respectively, was examined by CV in 0.2 M KCl, see 
Figure 3.7. It can be observed from the CVs, that the bulk PPy polymer had an 
increased electrochemical response compared to the nanowire polymer. This higher 
capacitance was attributed to the larger surface area of the bulk polymer, when 
compared to that of the nanowires.26 Capacitive effects may originate from the higher 
surface area of the bulk polymer being able to store more charge. This in turn would 
require the formation of a larger double layer in solution, to counter balance this 
charge.25 Further investigation into the polymer surface area will be carried out in 
Section 3.2.2.6.  
Inspection of the CVs generated by the nanowires revealed a single anodic peak, EP, 
at ca. 0.15 V vs. SCE which was due to the oxidation of the polymer,  the 
corresponding, poorer defined, cathodic peak, EC, was located at ca. -0.08 V vs. SCE.  
The peak separation of 0.23 V was indicative of a quasi-reversible process, which is 
typical of PPy.43, 44 Both peaks were relatively broad, indicating slow kinetics of the 
two redox processes. However, the reduction peak was less well defined than the 
oxidation peak. During oxidation of the polymer, the layer next to the electrode surface 
is oxidised first, giving a conducting layer, which facilitates oxidation of the adjacent 
layers. Conversely, on reduction of the polymer, the layer adjacent to the electrode is 
reduced first, giving an insulating layer, making the overall reduction process more 
difficult.45 
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Figure 3.7: CVs of bulk and nanowire conformations of PPy electrodeposited at 0.80 V vs. SCE for 300 
s from solutions containing 75 mM pyrrole, 0.2 M Na2HPO4 and 2 mM LiClO4. The inset shows the 
magnified CV for the PPy nanowires. 
 
3.2.2.6 Surface Area of Nanowire and Bulk PPy 
It was clear from the CVs obtained in Figure 3.7, that the electroactive surface area of 
the bulk polymer formed was far greater than that of the nanowire PPy. The 
electroactive surface area is defined as the area that effectively transfers the charge of 
the species in solution.46  In this section, experiments were carried out to estimate the 
surface areas of both polymers. 
The PPy, nanowire and bulk, films were cycled in 0.2 M KCl at various scan rates. 
Diagnostic plots of the anodic and cathodic peak current against the square-root of the 
scan rate, from 0.50 V to -0.50 V vs. SCE, for the nanowire morphology of PPy, was 
linear across the whole range of scan rates tested, (5-200 mV/s), as shown in Figure 
3.8, indicating a diffusion controlled processes. Correlation coefficients of 0.9704 and 
0.9955 were obtained for the oxidation and reduction peaks for the nanowire film, 
respectively. However, because of the high capacitance of the bulk polymer, no redox 
peaks were visible in the CVs.  
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Figure 3.8: Plot of peak current density vs. (scan rate)1/2 for nanowire morphology of PPy. The anodic 
peak is represented by the blue line            and the cathodic peak by the red line. 
 
 
A linear relationship between the current and the square root of the scan rate was 
observed, this indicated that the oxidation and reduction processes were under 
diffusion control, and therefore, conform to the Randles-Sevcik relationship, described 
by Equation 3.1. 
 
                         IP = (2.69 x 105) n3/2A D 1/2 ʋ 1/2 C                                           3.1 
 
where IP is the peak current, n is the number of electrons transferred, v is the scan rate, 
D is the diffusion coefficient, A is the surface area of the electrode and C is the 
concentration of the redox species.47 
Firstly, the diffusion coefficient of the Fe3+/Fe2+ redox couple was calculated at a bare 
gold electrode, using a 1.0 mM potassium ferrocyanide solution in a 0.10 M KCl 
solution. This was achieved by varying the scan rate as the electrode was cycled. The 
peak currents were measured at each scan rate, and the plot in Figure 3.9 was 
constructed. The slope of the plot was used, (Equation 3.2), to calculate the diffusion 
coefficient of ferrocyanide, D = 9.87 × 10-6 cm2 s-1, which is close to the literature 
value.48, 49 Equation 3.2 was then used to estimate the surface area of the nanowire film 
as 0.14 cm2. 
 
                                     Slope = (2.69 x 105) n3/2A D 1/2 C                                         3.2 
0 5 10 15
-0.6
-0.4
-0.2
-0.0
0.2 A
Scan rate / mV/s
P
e
a
k
 C
u
rr
e
n
t/
m
A
c
m
-2
Electrochemical Properties of Polypyrrole                                                    Chapter 3         
 
88 
 
 
 
Figure 3.9: Plot of peak current density vs. square root scan rate for a bare gold electrode in 1.0 mM 
Fe(CN)6/0.1 M KCl. 
 
In order to estimate the surface area of the bulk PPy film, a calibration plot was 
prepared relating the polymer surface area, estimated using Equation 3.1, with the 
charge consumed during electropolymerisation. Bulk polymers were grown for various 
times, less than 300 s, and the charge consumed during the electropolymerisation was 
recorded, see Figure 3.10.  Surface area estimations were made, using Equation 3.2. A 
plot of the charge density against the surface area, (data shown in Table 3.3), resulted 
in a straight line graph as shown in Figure 3.11, (R2 = 0.9969), and the equation of the 
linear plot is given in Equation 3.3.  This equation was subsequently used to estimate 
the surface area for the polymer grown for 300 s, which was calculated as 0.73 cm2 
(the charge density for a polymer grown for 300 s was 1.83 C cm-2). 
 
                                                 y = 0.3505x + 0.0946                              3.3 
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Table 3.3: Data from bulk PPy polymerisation experiments and surface area estimations using Equation 
3.1.  
Time (s) Charge Density (C/cm2) Estimated Area (cm2) 
300 1.8343 0.7340 
200 1.4184 0.5998 
100 0.9108 0.4093 
75 0.7478 0.3192 
50 0.4987 0.2077 
21 0.2986 0.2030 
14 0.1970 0.1696 
 
 
 
 
 
 
 
 
 
Figure 3.10: Plot of the charge densities attained for bulk PPy grown over various time periods. 
  
 
Figure 3.11: Calibration plot showing the relationship between the charge density consumed during 
electropolymerisation and the surface area of bulk PPy modified electrodes. 
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3.2.3 PPy Morphologies with Similar Electroactive Surface Areas 
Section 3.2.2 discussed two different morphologies, nanowire and bulk, of PPy 
electrodeposited onto a gold substrate, using the same solution concentrations and 
electrochemical oxidation parameters. However, the CVs suggested that the bulk 
polymer had a far superior surface area, (0.73 cm2), when compared with the nanowire 
PPy, (0.14 cm2), and could therefore, contain more electroactive sites within the 
polymer film.  In order to directly compare the electrochemical properties of nanowire 
and bulk morphologies of PPy, it was deemed necessary to develop a bulk polymer, 
with a surface area similar to that of the nanowire polymer film.  
Using the plot obtained in Figure 3.11, and the estimated surface area of the nanowire 
modified electrode of 0.14 cm2, the estimated charge density for the bulk polymer was 
calculated as Q = 0.13 C/cm2, i.e., the bulk PPy should be grown to  charge of 0.01 C. 
The resulting bulk polymer, shown in Figure 3.12, shows much smaller “cauliflower” 
morphology, and a more even surface, than that shown in Figure 3.6(B), for the bulk 
polymer grown for 300 s. 
 
 
Figure 3.12: SEM micrograph of bulk PPy grown to a charge of 0.01 C. 
 
The CVs, in 0.2 M KCl, (see Figure 3.13), show that the bulk polymer grown to a 
charge of 0.01 C had a more comparable surface area to that of the nanowire PPy 
grown for 300 s. The higher capacitance still indicated a slightly larger surface area for 
10 µm 
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the bulk polymer, suggesting a greater amount of dopant was interacting with the 
polymer, and possibly the presence of more electroactive sites within the polymer 
film.44 Both films possessed electrochemical activity. The nanowire polymer exhibited 
a shift in the oxidation and reduction peak potentials to more favourable values, which 
may indicate better electrical properties of the nanowire film and thermodynamically 
more difficult electron transfer processes for the bulk material.50 Both films exhibited 
quasi-reversible redox reactions, consistent with PPy films,43, 44 with ∆E values of 0.25 
V and 0.30 V for the nanowire and bulk polymers formed, respectively. 
 
 
Figure 3.13: CVs, in 0.2 M KCl, of bulk and nanowire formations of PPy grown to have similar surface 
areas. 
 
3.2.3.1 Bulk PPy Film Thickness 
PPy film thickness is directly proportional to the charge consumed during 
electropolymerisation.51  In Section 3.2.3 bulk PPy was grown over various time 
periods and the charge consumed during electropolymerisation was recorded. Once the 
bulk PPy layer had formed, the electrode surface was scratched with a sharp scalpel 
blade, hence, using SEM, the film thickness could be obtained by scanning across the 
electrode surface and measuring the step height. Five separate thickness measurements 
were performed for each modified electrode and the results are presented in Table 3.4, 
with the corresponding plot of charge consumed against polymer thickness in Figure 
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3.14. The linear relationship, (R2 = 0.9794), between the charge consumed and film 
thickness is given by Equation 3.4. SEM micrographs of a selection of the polymer 
films obtained are shown in Figure 3.15. 
 
y = 2.919x – 0.1929                  3.4 
 
Table 3.4 shows that the thickness measurements at each charge were relatively 
reproducible, for the five thickness readings examined, indicating a consistent 
coverage over the electrode surface.  Any discrepancies could be due to surface 
roughness of the film.  It has been shown that the surface roughness of PPy films is 
dependent on the thickness of the film.52, 53  It was observed that the film thickness 
increased with the charge consumed during electropolymerisation. This was predicted 
by Diaz et al. who derived a relationship that assumes 1 C cm-2 of charge is passed for 
each 2.5 µm of polymer growth.54  Using Equation 3.4, 1 unit of charge (C cm-2) was 
calculated to result in 2.7 µm of PPy growth, which was in good agreement with the 
literature value. However, it is important to highlight that the relationship quoted by 
Diaz was for a chloride dopant, whereas a slightly larger dopant, ClO4
-, was used here. 
This may account for the variation in the values.  
 
Table 3.4: Film thickness measurements for bulk Ppy films, grown at 0.80 V vs. SCE, to various 
electropolymerisation charges, n = 5. 
Charge Density (C cm-2) Thickness (µm) SEM n 
1.416 4.148 0.115 5 
0.911 2.080 0.192 5 
0.762 1.998 0.073 5 
0.499 1.426 0.092 5 
0.300 0.647 0.026 5 
0.198 0.399 0.040 5 
0.142 0.292 0.006 5 
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Figure 3.14: Plot of charge consumed during electropolymerisation vs. polymer thickness. 
 
 
Figure 3.15: SEM micrographs of bulk PPy electropolymerised to (A) 0.91, (B) 0.73, (C) 0.20, (D) 0.14 
and (E) 0.50 C cm-2, respectively. 
 
Alternatively, a theoretical calculation, using Equation 3.5, can be used to calculate the 
thickness of the PPy bulk films grown.  
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                                        T =
M(Py)+xM(Dopant)
d(2+x)F
q                                                     3.5 
 
Here, T is the thickness of the film, M (Py) is the molar mass of the monomer, x is the 
number of dopant molecules per monomeric unit, M (Dopant) is the molar mass of the 
dopant (LiClO4), d is the density of doped PPy, (assumed as 1.5 g cm
-3),1, 54 F is 
Faraday’s constant and q is the charge passed during electropolymerisation.  The 
maximum doping level achievable for PPy, with a ClO4
- dopant, is one dopant unit per 
3.3 monomer units, i.e., x = 0.3.55, 56   
Using Equation 3.5, 1 C cm-2 of charge is passed for each 2.97 µm of polymer growth. 
This deviation from the experimental value obtained, 2.7 µm, was possibly due to the 
maximum doping level not being achieved. Another reason for the lower experimental 
mass per unit charge is the formation of dimers or oligomers, which in turn consume 
the current and, consequently, the charge, but are not involved in the deposition of the 
polymer to give the corresponding mass increase.45 
 
3.2.4 Electrochemical Impedance Spectroscopy (EIS) 
EIS is one of the most effective, reliable techniques used to investigate the 
electrochemical characteristics of an electrochemical system, including double-layer 
capacitance, diffusion, solution resistance and the determination of the rate of charge 
transfer processes.57  In this section, EIS studies of nanowire and bulk PPy modified 
electrodes were carried out in 0.20 M solutions of KCl, LiClO4 and Na2HPO4.  All of 
the impedance measurements were carried out with the applied potential varying from 
-0.50 V vs. SCE to 0.50 V vs. SCE, with a perturbation signal of 5 mV and a frequency 
range of 65 kHz to 5 mHz. The potential range was restricted to ±0.50 V vs. SCE to 
avoid degradation of the polymer.58 Each PPy modified electrode was examined 
immediately after electropolymerisation and was held at the given potential, prior to 
the study, for 30 minutes, to ensure a steady state had been reached. The computerised 
results were plotted and compared with equivalent circuits that model the electrical 
responses of the system over a range of frequencies.  The individual elements of the 
circuit model represent the electrochemical parameters of the polymer/electrode 
system.59 The influence of different electrolytes on the impedance was also examined. 
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3.2.4.1 Comparison of Bulk and Nanowire Morphologies of PPy 
EIS experiments were carried out on a bare gold electrode, nanowire and bulk PPy, 
(0.01C), modified electrodes, in aqueous solutions of 0.2 M KCl, LiClO4 and 
Na2HPO4.  In Figure 3.16, Nyquist plots obtained for bare gold, bulk (grown to 0.01 
C) and nanowire PPy modified electrodes were compared. The data shown                                                                                                             
were recorded   at open circuit potentials, (O.C.P.), in 0.2 M KCl solutions. The O.C.P.s 
recorded for the PPy modified surfaces were almost identical at 54 and 58 mV vs. SCE, 
for the nanowire and bulk morphologies, respectively. The bare Au electrode O.C.P. 
was slightly higher at 64 mV vs. SCE. Considerable differences in the impedance 
spectra were observed. The EIS of both PPy modified electrodes, included a semicircle 
portion observed at the higher frequency range, representing the electron transfer 
limited process,60 and a linear segment at lower frequencies representing the diffusion 
limited process. The intercept of the semi-circle with the Z’ (real) axis in the high 
frequency region indicated the solution resistance. The diameter of the semi-circular 
portion is equal to the charge transfer resistance, (RCT), which reflects conductivity.  In 
general RCT is the sum of polymer resistance to electron transport, Re, and ion 
transport, Ri.
61  It was obvious that the bare Au electrode exhibited the lowest RCT 
value and consisted of an almost straight line due to the good conductivity of the bare 
metal. 
The bulk PPy modified electrode had the largest RCT value, indicating that the electron 
transfer ability of the nanowire modified electrode showed great improvement over 
that of the bulk PPy modified surface. The nanowire polymer had a region where the 
slope of the graph was approximately 45o, this is characteristic of ion diffusion in the 
porous structure of the polymer.57 The low frequency response for both polymers was 
almost a vertical line indicating that the polymers are almost purely capacitive.  
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Figure 3.16: Nyquist plot of bare Au, bulk PPy, and PPy nanowires over a frequency range of 5 mHz–
65 kHz in 0.2 M KCl, recorded at O.C.P., n = 4. 
 
One advantage of EIS is that homogenous and porous surface models can fit the same 
experimental results.57 The resulting impedance data for the bare electrode, bulk and 
nanowire conformations of the PPy modified electrode, were fitted to the same 
equivalent circuit shown in Figure 3.17, where RS represents the solution resistance,
59 
defined as the sum of resistances due to the ohmic resistance of the solution and 
electrical contacts.62 CPE1 is a constant phase element that represents the double layer 
capacitance of the polymer/electrolyte interphase. A constant phase element is used 
here to model the capacitive behaviour instead of a capacitor, as the interface between 
the electrode and the electrolyte solution is not smooth and contains a large number of 
surface defects.63 Constant phase elements allow for the roughness of the interface64 
and to the non-ideal behaviour of the polymer films, which is due to inhomogeneity of 
the conductance or dielectric constant inside the layer.65 A constant phase element is 
defined by two parameters, an actual value (T) and an exponent (P). The CPE-T value 
gives the physical value of the constant phase element. The CPE-P gives information 
on the physical process occurring. When CPE-P = 1.0, the constant phase element 
behaves as an ideal capacitor. However, values between 0.8 and 1.0 are values 
 
Electrochemical Properties of Polypyrrole                                                    Chapter 3         
 
97 
 
consistently obtained for a porous surface, like PPy.  A value of 0.5 is indicative of a 
diffusion process. R1, (RCT), represents the polymer/ionic resistance and CPE2 is a 
constant phase element representing the capacitance of the polymer. The parallel 
combination of polymer resistance, R1, and constant phase element, CPE1, accounts 
for the movement of electrons from the conductive polymer to the metal electrode.7  
  
 
Figure 3.17: Equivalent circuit used to model the electrical parameters of a bare gold electrode, and 
electrodes modified with nanowire and bulk (0.01C and 300 s)) conformations of PPy. 
 
 
A summary of the data derived from the equivalent circuit fitting is shown in Table 
3.5. The electron transfer resistance (R1) of the bare Au electrode was estimated to be 
1395 Ω. After modification with the bulk, cauliflower-like, PPy, the resistance 
dramatically decreased to 228 Ω. When the bare Au was covered by the PPy nanowire 
network, the value further decreased to 0.074 Ω. These results suggest that the 
formation of PPy, especially PPy nanowire network, effectively improved the electron 
transfer between the solution and electrode.66 Generally, the greater surface area, of 
nanowires, and therefore the larger surface interaction with the electrolyte, leads to a 
shorter diffusion length for the dopant ions. Both capacitance values, double layer and 
polymer capacitance, were lower for the nanowire PPy modified electrode.  
 
Table 3.5: Equivalent circuit values for bare gold, nanowire and bulk PPy (0.01 C) modified electrodes 
at O.C.P. in 0.2 M LiClO4, n = 4. 
Surface CPE1/mF cm-2 R1/Ω cm2 CPE2/mF cm-2 
Bulk PPy (0.01C) 0.99 228 6.92 
Nanowire PPy 0.45 74 3.73 
Bare Au 5.30x10-3 1395 0.27 
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3.2.4.2 Effect of Applied Potential on PPy Films 
Gold electrodes coated with a bulk PPy morphology were prepared as described in 
Section 3.2.3. Complex plane impedance plots for the bulk PPy, (300 s), at various 
potentials are shown in Figures 3.18 and 3.19. All impedance results shown were 
carried out in 0.2 M LiClO4, over a frequency range of 65 kHz to 5 mHz. The 
experiments were performed over a range of applied potentials, from -0.50 V to 0.50 
V vs. SCE, and at the O.C.P. The O.C.P. value, for bulk PPy, after 30 minutes was 58 
mV vs. SCE.  
In Figure 3.18, the impedance plots recorded at various negative potentials are shown. 
The high frequency x-axis, Z’, intercept corresponds to the solution resistance, RS. 
Table 3.6 shows all these values to be relatively consistent, as the same electrolyte 
solution had been employed, although the resistance value increased when the film 
became reduced at -0.50 V vs. SCE. As the potential was decreased the impedance plot 
began to shift along the real, x-axis. This indicated that the film’s electronic resistance 
had increased, from 228 to 423 and 558 Ω cm2 at O.C.P., -0.10 and -0.30 V vs. SCE, 
respectively. These values corresponded with the increase in the semi-circle diameter, 
as expected. 
 
Figure 3.18: Nyquist impedance plots for bulk PPy, grown for 300 s, at various negative potentials in 
0.2 M LiClO4, n = 4. 
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On further reduction of the applied potential, to -0.50 V vs. SCE, there was a substantial 
change in the slope of the low frequency constant phase element. This may be an 
indication of increased inhomogeneity in the ionic diffusion coefficient in the reduced 
state, as the slope of a constant phase element is generally related to the porosity of the 
polymer film.64 Ren and Pickup determined that the electronic resistance, Re, of PPy 
is generally negligible, and does not, therefore, contribute to the overall RCT of the 
polymer.67 At potentials between O.C.P. and -0.30 V vs. SCE, a significant portion of 
the PPy film was oxidised, however, at -0.50 V vs. SCE the polymer was largely 
reduced and the contribution of Re to the overall impedance of the polymer became 
apparent.68   
In Figure 3.19, the impedance data recorded at O.C.P., 0.10, 0.30 and 0.50 V vs. SCE, 
for the bulk PPy grown for 300 s, are presented. The high frequency semi circles were 
due to an electron transfer resistance at the electrode/polymer interface. It was evident 
from these data that the resistance of the bulk PPy film was, in general, lower at these 
potentials than at the negative potential values in Figure 3.18. The polymer resistance 
increased as the potential was increased from O.C.P. (58 mV) to 0.50 V vs. SCE from 
88 to 370 Ω cm2, respectively. 
Up to, and including, potentials of 0.30 V vs. SCE the bulk PPy behaved like a simple 
capacitor, with negligible resistance, and the Nyquist impedance plot was almost 
vertical.  At an applied potential of 0.50 V vs. SCE, the Nyquist plot displayed evidence 
of the onset of over-oxidation. PPy over-oxidises irreversibly at potentials higher than 
0.50 V vs. SCE.69 This leads to a decrease in its redox activity and electronic 
conductivity as the β-carbon of pyrrole is oxidised to C=O.35  
These data were fitted to the equivalent circuit presented in Figure 3.17, which 
consisted of a solution resistance (RS ≈ 7 Ω cm2) at the high frequency intercept. The 
CPE1 values represented the high frequency capacitance, or double layer capacitance, 
in parallel with R1.  
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Figure 3.19: Nyquist impedance plots for bulk PPy, grown for 300 s, at various positive potentials in 
0.2 M LiClO4, n = 4. 
 
The values relating to the resistance and capacitance values, of the two bulk polymers 
formed, (0.01 C and 300 s) are presented in Tables 3.6 and 3.7. On examination it was 
clear that the polymer resistance values followed similar trends, with the thicker 
polymer displaying slightly higher values, as expected. The polymer capacitance 
values display similar trends in the negative potential region, with the thicker polymer 
having lower capacitance. This could be due to a stronger screening effect in the thicker 
polymer.70 There is evidence of some areas of over-oxidation in the thicker polymer 
from 0.30 V to 0.50 V vs. SCE, as it becomes less capacitive than the thinner PPy. 
Over-oxidation has been described as the nucleophilic attack of the polymer chains by 
nucleophilic species when the applied potential is higher than the oxidation potential 
of the polymer.71 The thicker polymer was grown for 300 s whereas the thinner 
polymer took ca. 11 s to reach a charge of 0.01C. It was possible, that exposing the 
surface to an electropolymerisation potential of 0.80 V vs. SCE, for a longer time 
period, resulted in much of the polymer becoming over-oxidised, hence reducing its 
ability to store energy. This is due to the fact that PPy has a lower oxidation potential 
compared to the monomer and indicates that over-oxidation of PPy is unavoidable if 
polymerisation takes place in the presence of nucleophilic species such as water.71 The 
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O.C.P. value for the thinner bulk polymer appears to be an outlier, and does not fit with 
the other data obtained. It was also observed that the thicker bulk polymer showed 
evidence of diffusion controlled processes, with CPE-P values closer to 0.50, whereas 
the thinner bulk polymer had corresponding values between 0.72 and 0.98, the 
expected values for a capacitive porous material.  
 
 
Table 3.6: Parameters for the circuit elements evaluated by fitting the impedance data of bulk PPy, (300 
s), in 0.2 M LiClO4, at various potentials. 
Potential 
(V) 
Rs 
(Ω cm2) 
CPE 1-T 
(µF cm-2) 
CPE 1-P 
R1 
(Ω cm2) 
CPE 2-T 
(µF cm-2) 
CPE 2-P 
O.C.P. 6.29 98.7 0.88 88.0 6862 0.75 
0.10 5.31 404 0.84 97.8 4418 0.55 
-0.10 6.30 274 0.83 422.7 4700 0.72 
0.30 5.93 484 0.85 206.2 3546 0.50 
-0.30 7.34 180 0.78 558.0 4257 0.60 
0.50 8.57 469 0.82 369.6 2573 0.50 
-0.50 13.84 427 0.80 119.5 2622 0.50 
 
 
 
Table 3.7: Parameters for the circuit elements evaluated by fitting the impedance data of bulk PPy, 
(0.01 C), in 0.2 M LiClO4, at various potentials. 
Potential 
(V) 
Rs  
(Ω cm2) 
CPE 1-T 
(µF cm-2) 
CPE 1-P 
R1  
(Ω cm2) 
CPE 2-T  
(µF cm-2) 
CPE 2-P 
O.C.P. 6.67 971 0.72 203.14 6847 0.97 
0.10 3.69 1460 0.65 3.69 1100 0.98 
-0.10 5.86 587 0.71 112 2640 0.89 
0.30 6.23 725 0.71 7.41 4280 0.95 
-0.30 7.56 240 0.67 325 2620 0.78 
0.50 5.68 297 0.91 144.5 4260 0.72 
-0.50 11.21 104 0.74 272 20.6 0.72 
 
 
Nanowire PPy modified gold electrodes were prepared as described in Section 3.2.2.3. 
Complex plane impedance plots for the resulting film, at various potentials, are shown 
in Figures 3.20 and 3.21. All impedance results shown were carried out in 0.2 M 
LiClO4, over a frequency range of 65 kHz to 5 mHz. The experiments were carried out 
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over a range of applied potentials, from -0.50 V to 0.50 V vs. SCE, and at the O.C.P. 
(54 mV vs. SCE).  
Figure 3.20 shows the impedance plots for nanowire PPy at various positive potentials, 
from O.C.P. to 0.50 V vs. SCE. It was clearly shown that the solution resistances were 
similar, with all high frequency x-axis intercepts located in the same region. As the 
applied potential was increased the corresponding Nyquist plot shifted along the x-
axis, with broader semi-circular diameters, indicating increased polymer resistance. 
When compared to the Nyquist plot for the bulk (300 s) polymer in Figure 3.19, there 
was no evidence that the nanowire polymer had become over-oxidised at 0.50 V vs. 
SCE, indicating a more stable polymer was formed. It is well reported that the 
oxidation and reduction of PPy results from the insertion and removal of the dopant 
ions into the polymer backbone. This causes the polymer to swell and contract 
continuously. PPy nanowires are more able to withstand the strain caused by the 
constant swelling and contraction of the polymer, resulting in a more stable film.72 
In Figure 3.21, the impedance plots recorded at various negative potentials for the 
nanowire PPy are shown. Here, all the solution resistances were similar, as the same 
electrolytes were used. As the potential was decreased, the impedance plot generally 
shifted along the x-axis, similar to the corresponding plot in Figure 3.18 for the bulk 
polymer, indicating an increase in the polymer resistance, from O.C.P. to a potential 
of -0.30 V vs. SCE. These values corresponded to the increase in the semi-circle 
diameter, as expected. Further reducing the applied potential to -0.50 V vs. SCE, 
resulted in a change in the slope of the low frequency C.P.E, due to the reduction of 
the PPy film,68 similar to the bulk PPy. The electronic parameters for the nanowire PPy 
were fit to the equivalent circuit shown in Figure 3.17.  
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Figure 3.20: Nyquist impedance plots for nanowire PPy, at various positive potentials in 0.2 M LiClO4, 
n = 4. 
 
 
Figure 3.21: Nyquist impedance plots for nanowire PPy, at various negative potentials in 0.2 M LiClO4, 
n = 4. 
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The resulting data, relating to the resistance and capacitance values, of the nanowire 
film are presented in Table 3.8. When compared with the thinner bulk data in Table 
3.7, the double layer capacitance values, (CPE1), were larger for the bulk polymer, 
indicating a thicker layer had formed when depositing the bulk PPy onto the electrode.  
Overall, the polymer capacitance values were lower for the nanowire morphology of 
PPy, suggesting a lower electroactive surface area had formed on polymerisation.  As 
a result, a poorly conducting nanowire polymer would have higher resistance values, 
which was evident from the results shown. This was possibly due to the pH of the 
electrolyte used for deposition. In general, to polymerise pyrrole, a solution pH that is 
slightly acidic is required.34 However, to obtain the nanowire conformation, the 
electrolyte solution used had an alkaline16 pH of 9.2. In such alkaline conditions, 
reduced doping of the polymer backbone was likely, forming a less conducting 
polymer not capable of storing large amounts of charge. It is also possible that the 
nanowire modified electrodes were not sufficiently rinsed prior to running the EIS 
experiments, leaving excess alkaline solution on the functionalised surface, which 
could alter the pH of the electrolyte solution used for EIS studies.  The effect of 
electrolyte solution pH on EIS will be examined in Section 3.2.4.3. The fragility of the 
nanowires formed from a relatively low concentration of monomer may also have 
resulted in the poor performance of the PPy nanowires in this section. This will be 
investigated in Section 3.2.4.4. The exponent, CPE-P, values for the nanowire polymer 
capacitance are similar to those obtained for the thinner bulk polymer, which are 
typical of porous materials, like PPy.  
 
Table 3.8: Parameters for the circuit elements evaluated by fitting the impedance data of nanowire PPy, 
in 0.2 M LiClO4, at various potentials. 
Potential 
(V) 
Rs (Ω cm2) 
CPE 1-T 
(µF cm-2) 
CPE 1-P 
R1  
(Ω cm2) 
CPE2 
(µF cm-2) 
CPE 2-P 
O.C.P. 72.5 398.7 0.58 76 6860 0.80 
0.10 64.9 28.3 0.78 359 141.8 0.86 
-0.10 57.4 14.0 0.72 542 38.9 0.92 
0.30 73.2 19.9 0.68 589 127.2 0.86 
-0.30 81.6 32.5 0.70 466 18.7 0.88 
0.50 61.2 16.3 0.62 771 104.8 0.86 
-0.50 106.1 7.6 0.56 239 11.0 0.72 
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3.2.4.3 Effect of Electrolyte on Impedance 
In this section the effect of the nature of the electrolyte solution on the electrical 
parameters of bulk PPy modified electrodes was examined. The bulk polymer was 
electrodeposited onto gold substrates from aqueous solutions containing 75 mM 
pyrrole, 0.2 M Na2HPO4 and 2 mM LiClO4, (pH adjusted to 5.5 with HClO4), at 0.80 
V vs. SCE, for 300 s.  EIS studies were carried out on the modified electrodes in 0.2 
M solutions of KCl, LiClO4 and Na2HPO4 at an applied potential of 0.10 V vs. SCE 
over a frequency range from 65 kHz to 5 mHz. The resulting Nyquist plots are shown 
in Figure 3.22. The high frequency x-axis intercept, reflecting the solution resistance, 
RS, increased with the increasing ionic strength of the three different electrolytes used, 
in the order, KCl < LiClO4 < Na2HPO4.  The electronic parameters for the impedance 
graphs were fitted to the equivalent circuit shown in Figure 3.17.  
Table 3.9 shows the impedance of bulk PPy modified electrodes, recorded in KCl, 
LiClO4, Na2HPO4 electrolyte solutions.  The pH of these solutions ranged from 6.0 to 
9.3. The data displayed a range of electrical behaviours. Similar double layer (5.6 and 
0.6 µF cm-2) and polymer capacitances (67 and 51 mF cm-2) were obtained in the KCl 
(pH 6.1) and LiClO4 (pH 6.0) solutions, respectively.  The alkaline Na2HPO4 
electrolyte, (pH 9.3), resulted in lower double layer and polymer capacitance values, 
9.3x10-2 µF cm-2 and 1.2 mF cm-2, respectively, indicating that the polymer stores less 
charge in an alkaline solution.  This was likely due to OH- ions in the alkaline solution 
interfering with the dopant ions, thereby reducing the conductivity and increasing the 
resistance of the film. This theory was examined by changing the pH of the KCl and 
LiClO4 electrolyte solutions to that of Na2HPO4. As a result, similar capacitance values 
were observed on changing the pH, indicating the significant role of the pH of the 
solution, i.e., the addition of OH- ions interfering with the dopant levels on the polymer 
backbone. 
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Figure 3.22: Nyquist impedance plots for bulk PPy, recorded at 0.1 V vs. SCE in 0.2 M solutions of 
various electrolytes, n = 4.  
 
Table 3.9: Parameters for the circuit elements evaluated by fitting the impedance data for bulk PPy, 
recorded at 0.1 V vs. SCE in 0.2 M solutions of various electrolytes, n = 4.  
Electrolyte pH CPE1 (µF cm-2) R1 (Ω cm2) CPE2 (mF cm-2) 
KCl 6.1 5.6 3 67 
LiClO4 6.0 0.6 101 51 
Na2HPO4 9.3 9.3x10-2 318 1.2 
KCl 9.3 6.1x10-2 66 0.3 
LiClO4 9.3 5.2x10-2 177 5.4 
 
3.2.4.4 PPy Biocompatibility  
PPy is one of the most widely researched conducting polymers. One of the main 
advantages is its biocompatibility,4, 5 although many of these studies were carried out 
in-vitro.73 These included studies showing that PPy supported the adhesion of various 
kinds of cells, such as neuronal, endothelial and skeletal muscle cells.74 To further 
evaluate the biocompatibility of PPy, Wang et al tested the suitability of PPy with 
nerve tissue in-vitro and in-vivo.75 They demonstrated that the presence of 
PPy/biodegradable composites caused no abnormal tissue response. Other studies 
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concluded that PPy particles did not cause any cytotoxic effects to mouse peritoneum 
cells.76 To my knowledge, no reports pertain to the stability of nanowire morphologies 
of PPy in-vivo. Bechara et al have coated nanostructures with PPy for stem cell 
research, but this study involved bulk PPy and was carried out in-vitro.77 Fonner et al 
observed that although PPy doped with smaller ions had a high surface roughness it 
also de-doped rapidly, possibly leeching into surrounding tissue.78 In contrast to other 
reports, Jiang et al confirmed that PPy coated fabrics caused some localised 
inflammation. They also recorded that thicker or clustered areas of PPy were damaged 
on implantation,79 acknowledging the importance of achieving a thin, uniform PPy 
coating. In some reports, PPy was found to result in a brittle amorphous material.80 
Throughout the work carried out in this chapter, several SEM micrographs were 
recorded showing damaged PPy nanowire surfaces, casting doubt on the strength of 
the nanowires formed from a low monomer concentration (75 mM). Figure 3.23 shows 
some of the resulting images. 
 
 
Figure 3.23: SEM micrographs showing damaged PPy nanowires resulting from an 
electropolymerisation solution containing 75 mM pyrrole.  
 
3.3 Conclusion 
The aim of this chapter was to compare the electrochemical properties of bulk and 
nanowire conformations of PPy. This would determine the ability to further modify 
the polymer with sensing agents, e.g., copper structures used for sensing the nitrate 
 
    
10 µm 6 µm 
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ion. Sections 3.2.1 and 3.2.2 discussed the different morphologies of PPy 
electrografted onto gold electrodes. Two conformations, nanowire and bulk, were 
prepared using the same conditions, but reducing the electrolyte pH for the bulk 
polymer. In order to obtain a nanowire covering of the gold substrate the electrolyte 
solution needed to be slightly alkaline/alkaline in nature before the onset of 
polymerisation, the excess OH- ions causing the slow growth conditions necessary to 
achieve the nanowire film, by mopping up excess H+ ions released during the 
electropolymerisation process. 
The effect of dopant ions (ClO4
-) was examined, revealing that the larger cation, Na+, 
resulted in significantly thicker wires, (Ø = 115.20 nm), than Li+ (Ø = 103.40 nm), P 
= 0.0016. Longer PPy wires grown from aqueous solutions often display lower 
conductivities due to carbonyl defects interfering with the conjugation on the polymer 
backbone. To reduce these defects, the nanowires were grown from a lower pyrrole 
concentration. FT-IR spectra confirmed that most of the carbonyl defects had been 
removed. This would enable the formation of shorter more conducting wires. 
Bulk polymers required the electrolyte pH to be slightly acidic in nature. The 
subsequent release of H+ ions on polymerisation led to a faster growth rate leading to 
a bulk conformation. The CVs of the two polymers, nanowire and bulk, revealed that 
the bulk PPy, when deposited for 300 s, had far superior capacitance and surface area 
than its nanowire counterpart.  The surface areas of both polymers were estimated, and 
found to be 0.14 cm2 for the nanowires and 0.73 cm2 for the bulk PPy. 
Section 3.2.3 discussed the preparation of bulk and nanowire conformations of 
electrodeposited PPy with similar surface areas. It was found that a nanowire 
morphology grown for 300 s, had a similar area to a bulk polymer grown to a charge 
of 0.01 C. CV confirmed the similar surface areas of the polymers, both displaying 
quasi-reversible electrode kinetics that is typical of PPy films. However, the nanowire 
modified electrode had a smaller ∆E value, and the location of the redox peaks 
indicated the facilitation of the oxidation and reduction reactions. This was indicative 
of enhanced electrochemical properties of the nanowire PPy. 
A study of the thickness of the bulk PPy films formed from various electrodeposition 
times was carried out, by recording the charge consumed during electropolymerisation. 
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Polymer thickness measurements were recorded from SEM micrographs, and plotted 
against the charge density, C cm-2. The film thickness was experimentally found to be 
directly proportional to the charge consumed during polymerisation, each C cm-2 
forming 2.7 µm of PPy.  This was in good agreement with the literature value of 2.5 
µm/C cm-2.  A mathematical equation was also used to evaluate the amount of polymer 
deposited per unit charge.  This resulted in a polymer thickness formed of 2.97 µm/C 
cm-2.  Discrepancies between the experimental value and the literature and theoretical 
values were explained by the different dopant anion and the level of doping within the 
polymer backbone. 
Section 3.2.4 of this chapter examined the electrical properties, of bulk and nanowire 
conformations of electrochemically deposited PPy, formed in Sections 3.2.2 and 3.2.3, 
by EIS. Studies carried out in Section 3.2.4.1 compared bare gold electrodes with those 
modified with nanowire and bulk morphologies of PPy. The Nyquist plots revealed 
considerable differences in the resulting impedance spectra. The results were fitted to 
the same equivalent circuit, enabling easy comparison of the electrical properties. The 
reduction of the polymer resistance, due to the modification with PPy, especially the 
nanowire network, showed the improvement in the electronic properties. Both 
nanowire and bulk films displayed almost purely capacitive behaviour, as indicated by 
the low frequency response being an almost vertical line.  
The effect of the applied potential on the impedance spectra was discussed in Section 
3.2.4.2. Three different polymers were examined, nanowires, bulk PPy grown for 300 
s and bulk PPy grown to a charge of 0.01 C. The shape of the impedance Nyquist plots 
changed substantially with the negative shift in potential, indicating that the 
electrochemical properties of PPy films varied as a function of the applied potential, 
with the polymer changing from an oxidised to reduced state, over the potentials 
applied. The bulk polymer, grown for 300 s, displayed characteristics of over-oxidation 
that were not evident in the nanowire film.  
Section 3.2.4.3 examined the effect of the electrolyte on the impedance characteristics 
of a bulk PPy grown for 300 s. Similar double layer and polymer capacitances were 
obtained in the solutions with similar pH, KCl (pH = 6.1) and LiClO4 (pH = 6.0). The 
alkaline Na2HPO4 (pH 9.3) resulted in lower capacitance values, indicating that the 
polymer stored less charge in the alkaline solution.  Similar capacitance values were 
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observed on changing the pH of the KCl and LiClO4 solutions to that of Na2HPO4, 
indicating the significant role of the pH of the electrolyte solution. 
In Section 3.2.4.4 the biocompatibility of PPy films and the stability of nanowire 
conformations were reviewed. Many reviewers reported PPy as a biocompatible 
matrix, however, many of these studies were carried out in-vitro. In-vivo studies 
support PPy as a biocompatible material, but the conditions of growth are important as 
smaller dopant ions may leech into surrounding tissue. The suitability of nanowire PPy 
for in-vivo studies was questioned as many samples produced in this thesis resulted in 
damaged surfaces. 
In conclusion, bulk and nanowire conformations of PPy were successfully 
electrodeposited onto the gold substrate. The nanowire CV showed a more reversible 
system than the bulk material, indicating more efficient electrical properties. EIS again 
showed the better properties of nanowires with lower polymer resistance observed.  
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4.1 Introduction 
In this chapter the electrochemical deposition of FBRR in the presence of organic and 
aqueous solvents onto carbon paste electrodes (CPEs) is discussed. This was achieved 
by a one-step electrochemical deposition process using either LSV or CV techniques. 
The modified electrode characteristics and redox properties were subsequently 
analysed using CV.  Surface analysis techniques of SEM and EDX were employed to 
confirm the modification of the substrate.  
The evolution of  various carbon surfaces has allowed the development of electrodes 
with advantages in catalytic, analytical and biological applications, e.g., 
electrocatalysts for the electrochemical reduction of oxygen.1 Adaptations to carbon 
surfaces include the electrochemical covalent bonding of moieties to the substrate, for 
example, the electro-reduction of diazonium salts2 and the development of CPEs.3 
These advancements have enabled the development of electrodes for pH monitoring 
that have distinct advantages compared to other common methods used for the 
determination of solution pH,4 including their strength, reproducibility and low cost. 
CPEs, were first introduced in 1958 by Ralph Norman Adams5 and have, since then, 
been widely used in analytical chemistry, notably in voltammetry.6  Carbon paste is 
prepared by mixing powdered graphite with a lipophilic, organic, liquid binding agent, 
e.g., silicone oil, forming a heterogeneous surface of carbon particles embedded in a 
pasting liquid. The resulting electrodes contain electrically conductive particles 
dispersed in an insulating binder.7  The purpose of the binder is to hold the particles 
together.  Despite the presence of the non-conducting binder carbon pastes generally 
have a low ohmic resistance,8, 9 this can be explained by the tight arrangement of the 
spherical particles within the paste.10 The active surface of a CPE is partially or 
completely covered by a thin film of the binding liquid.  This causes the surface of a 
CPE to be, in general, lipophilic and therefore hydrophobic.11  The hydrophobicity of 
a CPE is of great importance as it affects the character of the electrode and the electron 
processes that occur at its surface.12   
The structure of a CPE depends on the properties of its main constituents.13  The 
binding liquid should be chemically inert, electrochemically inactive, of high viscosity 
and low volatility, minimally soluble in aqueous solvents and immiscible with organic 
CPE: Optimisation of Electrochemical Reduction                                        Chapter 4         
 
117 
 
solvents.11 Roughness varies in each individually prepared electrode, so each CPE has 
its own unique surface which leads to the fact that the surface area does not correspond 
to the geometrical area.3  The electroactive surface area depends on the graphite/binder 
ratio, smoothing methods and whether or not the electrodes have been pre-treated.14  
The carbon/binder ratio used in this thesis was 0.71 g graphite: 250 µl silicone oil. 
4-Benzoylamino-2, 5-dimethoxybenzenediazonium chloride hemi zinc chloride salt 
also known as Fast Blue RR, FBRR, is a quinone containing (aryl) diazonium salt. 
Quinones have shown strong adsorption onto various surfaces including platinum, 
graphite and glassy carbon.15  They are attached by using diazonium attachment 
chemistry onto the required surface.  The first reported reduction of an aryl diazonium 
salt onto carbon was in 1992 by Saveant et al.16  The electrochemical reduction of 
diazonium salts leads to a solid covalent attachment of aryl groups onto the substrate 
surface and generally results in a layered deposition of the product onto the substrate, 
not monolayers.17  These layers can vary in thickness from a few nm to several µm.18 
The layers are formed when the radical attaches to the first layer of deposited salt.  This 
happens when the radical attacks the ortho-position2, 19 of an already surface bound 
aryl group, leading to the formation of multilayers.20  The reduction of FBRR can be 
carried out in an aprotic solvent, e.g., 0.1 M TEABF4 in ACN,
21 or an aqueous solvent, 
e.g., 0.1 M H2SO4.
22 Diazonium salts are stable in aqueous acidic solutions, but 
although their stability decreases as the pH increases above pH 2–3,23 they have been 
reported as stable in acetonitrile.20 
The redox process involves changes in the protonation state between the quinone and 
the hydroquinone moieties meaning that potential values vary with pH in a Nernstian 
fashion.24, 25 Several quinone modified electrodes have been reported to respond to 
pH26, 27 but few have been developed on biocompatible materials that exhibit activity 
in a physiologically relevant pH range.28   
 
4.2 Results and Discussion 
In this section the full characterisation of FBRR/CPEs for usage as voltammetric pH 
sensors was performed. FBRR was electrodeposited onto the prepared CPEs using the 
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electrochemical techniques of CV and LSV using both organic and acidic supporting 
electrolytes.  All of the deposition parameters were examined along with the cycling 
conditions of modified CPEs in order to optimise the anodic and cathodic peaks 
obtained. The stability of the peak potentials were then investigated.  Storage 
conditions for the solutions, bare and modified CPEs were reviewed. Finally the pH 
responses of the FBRR/CPEs were analysed.  
 
4.2.1 Carbon Paste Electrodes 
CPEs can usually be polarised up to between 1.0 V and 1.4 V vs. SCE10.  This can be 
affected by the solvent medium.  An increase in alkalinity will lead to a decrease in the 
positive potential limit5.  Background currents are normally in the nA range and would 
seldom exceed 1 µA.3  The background CV for a bare CPE in N2 saturated PBS is 
shown in Figure 4.1. A background current level is described as the “mean current 
recorded in a blank electrolyte within the potential range of interest”.9  The currents 
are caused by several factors including, adsorbed oxygen in the paste and oxygen 
containing groups on the surfaces of the carbon particles.3   The electron transfer 
kinetics for CPEs is reduced due to the presence of the non-conducting binding oil.  
The less binding fluid included in the paste mixture results in higher background 
currents, i.e., less liquid content leads to a more rapid charge transfer at the electrode 
surface.11   
 
Figure 4.1: Average background CV of CPEs in N2 saturated PBS pH 7.4, n = 16. 
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Over time the currents increased with cycling.  Figure 4.2 shows a bare CPE cycled in 
PBS from -0.70 to 0.80 V vs. SCE at 100 mV/s for 400 cycles.  This number of cycles 
was chosen due to the end application of the sensor being cycled in tissue for ca. 10-
12 hours, so cycling for 400 cycles (3.5 hours) would give a good indication of how 
the sensor would perform. Wetting of the electrode surface has been reported to cause 
an initial increase in activity, especially over the first 2 minutes of cycling.29 After this 
the gradual increase in currents obtained is possibly due to the binding oil leeching 
from the electrode29 and less binding fluid results in increased conductivity11.  It could 
also be caused by the surface contracting, and therefore increasing in area, due to the 
leeching of the silicone oil. 
 
 
Figure 4.2: Increasing currents with cycling of bare CPEs cycled in PBS for 400 cycles from -0.70 to 
0.80 V vs. SCE at 100 mV/s, n = 4. 
 
It has been reported that carbon substrates can have many functional groups present on 
their surfaces which can react with atmospheric oxygen forming a series of 
electrochemically active groups.30-32  Included in these functional groups are quinones 
which are pH dependent.  In order to examine whether these groups were evident in 
the CVs of bare CPEs, they were cycled in PBS solutions of pH 7.2, 7.4 and 7.6 for 
400 cycles in each solution.  The resulting CVs are shown in Figure 4.3 and show no 
clear evidence of the existence of such species, a finding that has been supported by 
literature.33 This confirms the requirement of depositing an electroactive species onto 
a CPE to develop a voltammetric pH sensor. 
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Figure 4.3: Bare CPEs cycled for 400 cycles in PBS solutions with pH 7.2, 7.4 and 7.6, n = 4. 
 
4.2.2 Electrochemical Reduction and Cycling  
In this section the electro-reduction of FBRR onto prepared CPE surfaces by CV and 
LSV from a 2 mM solution of the salt in an aprotic solvent, 0.1 M TEABF4/ACN, and 
aqueous solvent, 0.1 M H2SO4, was examined.  Several parameters were altered in 
order to obtain the optimum deposition, i.e., one that results in stable, sharp oxidation 
or reduction peaks. These included the age of the FBRR solution at the time of 
deposition, the number of sweeps applied, the potential range over which deposition 
took place and the scan rate at which CV or LSV was carried out.  
As so many factors had an effect on the deposition of FBRR onto the substrate and the 
resulting CV of the modified electrodes, all of the variables were crossed examined.  
For example, for each day of FBRR use (1-5) several deposition scan rates were tested. 
Then each of the scan rates was used over a variety of potential ranges and number of 
linear sweeps.  All of these deposition combinations were then subjected to similar 
permutations and combinations of scan rate and potential window in order to obtain 
the most stable and reproducible redox peaks when cycling the modified CPEs in PBS. 
A schematic of this process is shown in Figure 4.4. 
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Figure 4.4: Schematic showing the combinations of deposition and cycling variables investigated in 
order to optimise the redox peaks of FBRR deposited by LSV from 0.1 M TEABF4/ACN on CPEs. 
 
The characterisation of the deposition parameters of FBRR onto the CPE substrate 
involved repeating a set of similar experiments four times,  deposition by CV using 
TEABF4/ACN, deposition by CV using H2SO4, deposition by LSV using 
TEABF4/ACN and deposition by LSV using H2SO4. To avoid repetition the results in 
this section will display results from one system in full with reference made to the 
other three systems.  
 
4.2.3 Electro-reduction of FBRR  
This section shows the reduction profiles under various conditions and the effect on 
recycling the resulting modified electrode in PBS.  Figure 4.5 shows the CV of a bare 
CPE in the background electrolyte, 0.1 M TEABF4/ACN, compared to the first 
deposition cycle of 2 mM FBRR.  An irreversible reduction wave is evident at 
approximately -0.35 V vs. SCE.  This causes the radical formation of the FBRR and 
the subsequent covalent bond formation with the CPE surface.        
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Figure 4.5: CVs of CPEs in TEABF4/ACN and the first reduction cycle of 2 mM FBRR, n = 4. 
 
As well as 0.1 M TEAFB4 in ACN, FBRR can also be electrodeposited using 0.1 M 
H2SO4 as the supporting electrolyte.
22  Figure 4.6 shows the CV of a bare CPE in the 
background electrolyte, 0.1 M H2SO4, compared to the first deposition cycle of 2 mM 
FBRR/ H2SO4.  An irreversible reduction curve is evident.  This causes the radical 
formation of the FBRR and the subsequent covalent bond formation with the CPE 
surface.  When compared to the deposition in 0.1M TEABF4/ACN, Figure 4.5, it can 
be seen that the currents obtained by cycling in the acid supporting electrolyte are 
substantially reduced, as well the currents for the FBRR deposition which are 
approximately one tenth that of the deposition in the aprotic solvent.  Organic solvents 
are miscible with the hydrophobic layer on the surface of CPEs.  This layer can become 
dissolved and eventually removed resulting in higher currents.14  
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Figure 4.6: Bare CPE in background solvent and the first reduction cycle of 2 mM FBRR, n = 4. 
 
4.2.3.1 Stability of FBRR in TEABF4/ACN  
The shelf life of diazonium salt solutions in aprotic media is approximately 5 days.18 
In order to determine the effect that the age of the FBRR/TEABF4/ACN solution had 
on the resulting CV scan the solution was prepared on day 1 before being electro-
deposited onto a CPE by sweeping the applied potential over various ranges, scan rates 
and number of deposition sweeps. This procedure was repeated on 4 CPEs on 5 
consecutive days using the same solution which was stored at 4°C when not in use.  
The resulting reduction LSV profiles for days 1-5 are shown in Figure 4.7. The FBRR 
was electrodeposited from 0.40 to -0.80 V vs. SCE for 5 sweeps, at a scan rate of 100 
mV/s. Days 2-4 were identified as resulting in the best deposition of FBRR onto CPEs.  
The reduction of the salt is evident by the broad peak at approximately –0.35 V vs. 
SCE in Figure 4.7(A).  
The modified CPEs were then cycled in PBS (pH 7.4).  When the resulting CVs were 
compared, cycle 50, the best deposition resulted from the electrochemical reduction of 
FBRR on days 2-3.  Figure 4.7(B) shows modified CPEs cycled between -0.50 and 
0.80 V vs. SCE at 100 mV/s. The poorly defined redox peaks are highlighted within 
the solid rectangle. On day 1 the redox peaks were relatively broad, making it difficult 
to precisely locate the peak potential.  A decrease in the peak height generated from 
depositing from the solution on days 4 and 5 was evident.  This indicated that the 
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sweeps taken or due to the time taken for the number of depositions. A second 
oxidation peak (dashed rectangle) was observed at ca. 0.35 V vs. SCE in the CVs of 
FBRR/CPEs, this will be discussed later in this chapter, Section 4.2.3.16. 
 
Figure 4.7: (A) Reduction profiles, 1st sweep, of 2 mM FBRR in 0.1 M TEABF4/ACN over 5 days. (B) 
The modified electrodes cycled in PBS. All at 100 mV/s, n = 4. 
 
4.2.3.2 Stability of FBRR in H2SO4 
Similar to Section 4.2.2.1, an FBRR/H2SO4 solution was prepared on day 1 by 
dissolving 2 mM FBRR in 0.1 M H2SO4.  This was then N2 saturated before being 
electro-deposited onto a freshly prepared CPE.  This procedure was repeated on 4 
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not in use.   
The modified CPEs were then cycled in PBS.  Figure 4.8 shows the 50th cycle of the 
resulting CVs with the characteristic anodic and cathodic peaks at approximately -0.07 
and -0.15 V vs. SCE, respectively.  When these were compared the sharpest redox 
peaks resulted from the electrochemical reduction of FBRR after the 1st day.   On day 
1 the redox peaks were relatively broad making it difficult to precisely locate the peak 
potential.  On days 2 and 3 both the oxidation and reduction peaks appear sharp 
indicating a rapid electron transfer process.  The sharpness of the peak makes it easier 
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sweeps carried out.  Other oxidation peaks were again observed here and will be dealt 
with in Section 4.2.3.16. 
 
Figure 4.8: CVs resulting from the electro-reduction of FBRR/H2SO4 by LSV from 0.40 to -0.80 V vs. 
SCE at 100 mV/s over a period of 4 days, n = 4. 
                                                                                   
4.2.3.3 Deposition Scan Rate 
Figure 4.9(A) shows the deposition profiles (CV) for 2 mM FBRR/H2SO4 
electrodeposited from 0.40 to -0.80 V vs. SCE at various scan rates (mV/s).  When the 
scan rate was decreased there was a corresponding decrease in the peak currents 
obtained during deposition.  This occurs because the voltammogram takes longer to 
record each cycle as the scan rate is decreased, i.e., the cycles are recorded faster at 
higher scan rates. This influences the diffusion layer thickness.  At slow scan rates the 
diffusion layer will grow much further from the electrode surface as it takes more time, 
so there will  be a smaller concentration gradient between the surface and the solvent 
resulting in lower peak currents at slow scan rates and higher peak currents at higher 
scan rates.  The increase in peak current with scan rate implies that a more capacitive 
film has been formed. For this reason the deposition curve with the largest peak current 
may not necessarily result in the best surface coverage with FBRR. It would appear 
from Figure 4.9(A) that the best FBRR deposition occurs at 100 mV/s, this is in 
agreement with the resulting CVs of the modified electrodes in PBS, Figure 4.9(B). 
Similarly, deposition by LSV from the aqueous electrolyte, and all depositions from 
the organic solvent showed 100 mV/s as the optimum scan rate to employ. 
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Figure 4.9: (A) Deposition profiles, 1st sweep, of 2 mM FBRR/H2SO4 at various scan rates (20-500 
mV/s), and (B) the resulting CVs, 50th cycle, n = 4. 
 
 
Figure 4.10: (A) 2 mM FBRR solution having been used for CV electrodeposition on 3 consecutive 
days and (B) a freshly prepared FBRR/TEABF4/ACN solution. 
 
It was previously observed that the day of deposition played a significant role in the 
deposition of FBRR and the clarity of the CVs subsequently produced so all of the 
above scan rates were applied to the deposition of FBRR on each of days 1-3. Figure 
4.9 above shows the resulting CVs from day 2.  The electrodeposition of FBRR by 
LSV was carried out over days 1-5. In the case of CV deposition each electrode was 
cycled 10 times and forward and reverse scans were performed increasing the time that 
the solution was in use.  This resulted in the FBRR concentration and volume 
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diminishing by day 4. However, LSV deposition was carried out for 5 reduction 
sweeps only.  Figure 4.10(A) shows the appearance of the FBRR/TEABF4/ACN 
having been used for CV electrodepositions on 3 consecutive days.  Image (B) shows 
how the solution appears when freshly prepared.  
 
4.2.3.4 Deposition Potential Range  
2 mM FBRR in 0.1 M H2SO4 was electrodeposited onto CPEs by CV varying both the 
anodic and cathodic potential ranges (ʋ = 100 mV/s).  Firstly the cathodic potential 
applied was varied between -0.60 and -1.00 V vs. SCE while maintaining the anodic 
potential limit to 0.40 V vs. SCE.  The deposition reduction curves obtained, cycle 1, 
are shown in Figure 4.11(A) and the resulting CVs after deposition are in Figure 
4.11(B).  This procedure was repeated on days 1-4 after the FBRR solution had been 
prepared.  The results shown below are from day 2.  The best reduction peaks resulted 
from FBRR deposited between 0.40 and -0.80 V vs. SCE with a well-defined reduction 
peak at approximately -0.50 V vs. SCE.  From the resulting CVs a similar pattern is 
observed with sharper more defined anodic and cathodic peaks obtained at 
approximately 0.03 and -0.20 V vs. SCE, respectively, for each of the potential ranges 
applied.  
The limit of the reduction potential was subsequently chosen as -0.80 V vs. SCE. This 
avoided bringing the applied potential to too low a value resulting in the possible 
reduction of the aryl radical to the undesired anion,18, 34 forming a multi-layered 
surface.35 Similar results were observed when depositing FBRR/H2SO4 by LSV, 
however, results from FBRR/TEABF4/ACN formed poorly defined redox peaks. 
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Figure 4.11: (A) Reduction profiles, cycle 1, for the deposition of 2 mM FBRR onto CPEs using various 
cathodic potentials and B the resulting modified electrodes cycled in PBS, n = 4. 
 
The anodic potential was then varied from 0.20 to 0.80 V vs. SCE.  The LSV deposition 
reduction profiles, sweep 1, for FBRR/H2SO4, are shown in Figure 4.12(A) with the 
resulting CVs, 50th cycle, after deposition in Figure 4.12(B). The reduction profiles, 
Figure 4.12(A), show a clear reduction at approximately -0.50 V vs. SCE. The resulting 
CVs indicate the variability in the oxidation and reduction peaks observed.  The 
reduction peak appears broad across all the deposition potentials applied, this would 
make it difficult to extrapolate a precise peak potential value in order to determine a 
pH response.  The oxidation peaks are, in general, sharper, indicating more efficient 
electron transfer processes. These experiments were performed using a FBRR solution 
aged between 1 and 4 days old, with the results shown in Figure 4.12 obtained when 
electro-reducing the FBRR/H2SO4 onto CPEs from a 2 day old solution.     
 
CPE: Optimisation of Electrochemical Reduction                                        Chapter 4         
 
129 
 
Figure 4.12: (A) LSV Deposition profiles for 2 mM FBRR/H2SO4 (day 2) over various anodic potential 
ranges and (B) the resulting CVs of the modified electrodes, all at 100 mV/s.  The CVs all show the 50th 
cycle, n = 4. 
The CVs resulting from all depositions involving TEABF4/ACN were of poor quality, 
with ill-defined oxidation and reduction peaks of low current output, rendering them 
ineffective for the purpose of the sensor.  
A potential range of 0.40 to -0.80 V vs. SCE was chosen as the optimum for all future 
electro-depositions of FBRR onto CPEs as this appeared to give more defined redox 
peaks when the results from all days were considered.  
 
4.2.3.5 Number of Deposition Sweeps  
The electrochemical reduction of diazonium salts generally results in a layered 
deposition of the product onto the substrate, not monolayers.36  The application of more 
reduction sweeps normally produce thicker layers.37 The formation of a uniformly 
distributed monolayer of FBRR on the substrate is desirable in order to minimise the 
diffusion layer thickness therefore increasing the electron transfer kinetics.  Here, the 
effect of increasing the number of sweeps applied in CV and LSV was investigated.   
FBRR was deposited by CV between 0.40 and -0.80 V vs. SCE at 100 mV/s.  Figure 
4.13(A) shows a typical CV for 10 cycles of deposition on a CPE from a solution 
containing 0.1 M TEABF4 in ACN.  It shows that most of the FBRR was deposited in 
the first cycle.  The attachment of the aryl radical to the surface gives rise to the near 
disappearance of the reduction curve after the first reduction cycle has been performed, 
showing rapid blocking of the surface of the electrode by the organic layer.16  This is 
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likely the reason for the broadness of the wave; the surface being modified while the 
voltammogram is recorded.18, 34  In the following cycles, the reduction peak is absent 
which shows that the electrode is in a passive state and FBRR is no longer depositing 
onto the carbon paste surface.18, 34  The reduction of FBRR was then carried out for 1, 
5, and 10 cycles.  The resulting CVs are shown in Figure 4.13(B) with 10 deposition 
cycles giving the most defined peaks. Similar results were found when depositing 
FBRR/H2SO4 by CV, so all future CV electro-reductions involved cycling the CPEs 
in FBRR solutions for 10 cycles.  
 
Figure 4.13: (A) Deposition CVs for 2 mM FBRR/TEABF4/ACN, 10 cycles. (B) FBRR/CPEs cycled 
in PBS, pH 7.4, having been electrodeposited for 1,5 and 10 cycles from 0.40 to -0.80 V vs. SCE, n = 
4. 
 
The effect of increasing the number of sweeps applied in LSV was then investigated 
across various anodic potential ranges, from 0.40 to 0.80 V vs. SCE. FBRR/H2SO4 was 
deposited by LSV for 2, 5 and 10 sweeps at 100 mV/s. The resulting CVs are shown 
in Figure 4.14(B-D). Across all potential ranges 5 sweeps gave the best results. 
When the deposition profiles were reviewed there was still evidence of some FBRR 
deposition after the 2nd sweep, a small reduction peak is evident in Figure 4.14(A), 
and so 2 sweeps may give the maximum amount of FBRR on the CPE surface.  10 
sweeps appeared to deposit too much FBRR on the surface, causing many layers to 
deposit onto the electrode. This thicker layer resulted in reduced electron transfer and 
therefore reduced peak currents. The peaks are also broader due to the slow rate of 
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electron transfer.  Depositing from 0.40 to -0.80 V vs. SCE gave the best results which 
confirmed the results obtained in Section 4.2.2.4. 
It was also found that depositing FBRR/TEABF4/ACN by LSV for 5 sweeps gave the 
optimum electrode coverage.  
Figure 4.14: (A) Reduction profiles for FBRR/H2SO4, sweeps 1-10, with the resulting CVs of the 
modified CPEs in PBS having been electro-reduced for 2, 5 and 10 sweeps from (B) 0.40 to -0.80 V, 
(C) 0.60 to -0.80 V and (D) 0.80 to -0.80 V vs. SCE, n = 4. 
 
4.2.3.6 Evidence of FBRR Deposition 
Figure 4.15 demonstrates that the FBRR salt has been successfully electrodeposited 
onto the CPE surface. The plot shows three different CVs, all representing the 50th 
cycles. The innermost cycle shows the CV of a bare CPE in PBS.  The centre CV 
shows the resulting CV once H2SO4 had been deposited (LSV, 5 sweeps; 0.40 to -0.80 
V vs. SCE at 100 mV/s).  These two CVs are almost identical other than a higher 
capacitance evident for the CPE modified in H2SO4.  This suggests that the silicone oil 
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was drawn out when cycling CPEs resulting in a higher carbon: silicone oil ratio.11 The 
outermost cycle shows the resulting CV after the reduction of FBRR onto the CPEs 
with the oxidation (-0.02 V) and reduction peaks (-0.15 V) of the diazonium salt clearly 
shown.  This gives a ΔEp value of 0.13 V vs. SCE.  The redox pairs of quinones are 
generally classed as a quasi-reversible system, but this depends on the type of electrode 
used.  At CPEs an irreversible behavior is generally observed.38 It can be concluded 
therefore, that FBRR has been electro-deposited onto the electrode surface.  Whether 
depositing FBRR by CV or LSV, from solutions of H2SO4 or TEABF4/ACN, 
successful electro-reduction of the salt was shown by similar CVs.  
 
 
Figure 4.15: CVs comparing a bare CPE with ones modified with 0.1 M H2SO4 and FBRR/H2SO4                                                               
indicating that FBRR has been successfully electrodeposited, n = 4. 
 
The SEM micrographs of a bare CPE (A) and one that has been modified with FBRR 
by LSV (B) are shown in Figure 4.16.  Both images show irregularities on the surfaces 
leading to an inter-electrode variability in surface area. They also show the porous 
nature of CPEs.  Obtaining a smoother surface would give more reproducible results.6   
The corresponding EDXs shown directly below the images both show carbon and 
silicone, the two constituents of carbon paste.  EDX (B) representing the FBRR/CPE 
has some zinc peaks resulting from the successful deposition of the diazonium salt. 
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There is no evidence of the nitrogen from the FBRR, this is because the nitrogen signal 
appears at 0.392 keV and cannot be resolved.    
 
 
 
Figure 4.16: SEM micrographs with their corresponding EDX below. (A) A bare CPE, (B) an 
FBRR/CPE modified by LSV.     
 
Unlike the CPEs modified by LSV the EDX of FBRR deposition by CV, in Figure 
4.17, shows no definitive evidence of the existence of FBRR on the electrode surface, 
possibly indicating that significantly less FBRR was deposited by CV than LSV. 
 
   
A 
B 
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Figure 4.17: SEM micrograph and EDX of a FBRR CPE modified by CV in 0.1 M TEABF4/ACN. 
 
4.2.3.7 FBRR Concentration 
The deposition of FBRR onto CPEs had up until now involved a FBRR concentration 
of 2 mM.  Literature values for FBRR solutions in H2SO4 range from 1- 5 mM.
16 In an 
attempt to deposit more FBRR onto the electrode surface, while maintaining a 
monolayer coverage, a solution containing 5 mM FBRR in 0.1 M H2SO4 was prepared 
and N2 saturated before being reduced onto the electrode surface by CV, for 10 cycles 
at 100 mV/s from 0.40 to -0.80 V vs. SCE.  The resulting electrodes were then cycled 
in PBS solutions with pH values of 7.2, 7.4 and 7.6 from -0.70 to 0.80 V vs. SCE at 
100 mV/s over four days.  Figure 4.18 shows the resulting CVs obtained from the 
FBRR/H2SO4 solution on day 3.  The anodic and cathodic peaks obtained were broad, 
indicating slow electron transfer processes occurring at the electrode surface/solution 
interface. FBRR salt has a solubility in H2O of 1.0 mg/ml, which equates to under 3 
mM, therefore a solution above this concentration would be of no benefit. As 
increasing the concentration of FBRR did not enhance the redox peaks it was 
maintained at 2 mM for all experiments. 
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Figure 4.18: CVs showing the pH response of FBRR/H2SO4 modified CPEs using a 5 mM solution of 
FBRR, n = 4. 
 
4.2.3.8 Cycling Modified CPEs in PBS 
CPEs modified from aqueous and organic electrolytes, by LSV and CV, were 
examined by CV in order to ascertain that FBRR had been successfully deposited onto 
the electrode surface.  It was also important to monitor the potentials at which the 
oxidation and reduction peaks occurred as a requirement was to develop a sensor that 
would respond to very small pH changes, between 7.20 and 7.60.  In order to 
extrapolate these peak potentials a sharp, well-defined peak that is stable over time and 
responds to pH is desirable.  The mechanism for the oxidation/reduction reaction of 
FBRR which is a 2 e- / 2 H+ process39 has been described in the introduction section.  
In this section the modified CPEs were cycled in PBS, varying the scan rates and 
potential ranges. The stability of the response over 400 cycles (3.3 hours) was also 
monitored along with the pH response of the redox peaks. Each of the aforementioned 
experiments were carried using the same FBRR solutions over several days.  The 
storage conditions for bare and FBRR/CPEs was also examined. 
 
4.2.3.9  Scan Rate 
In order to determine the effect of the scan rate (ʋ) on the resulting redox peaks, 
FBRR/H2SO4/CPEs were cycled at various scan rates, ranging from 50 to 500 mV/s.  
The resulting CVs of the modified electrodes in PBS (pH 7.4) are shown in Figure 
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4.19(A).  As previously mentioned in Section 4.2.2.3, the currents achieved have 
increased with increasing scan rate. The results in Figure 4.19 show all the scan rates 
examined in graph (A). Graph (B) shows the scan rates from 20 to 100 mV/s.  At higher 
scan rates the oxidation peak at approximately 0.03 V lost sharpness so a slower scan 
rate, 100 mV/s, was identified as the optimum scan rate for cycling FBRR/CPEs in 
PBS. 
 
Figure 4.19: CVs showing CPEs modified with FBRR/H2SO4, cycled in PBS at scan rates between 20 
and 500 mV/s (A) and from 20 to 100 mV/s (B) resulting in a better defined anodic peak at 100 mV/s, 
n = 4. 
 
A linear dependence of the square root of the scan rate on the peak current (oxidation 
and reduction) indicates a diffusion controlled redox process whereas a surface 
controlled redox process results in a straight line plot of scan rate vs. peak current.  
Figure 4.20(A) plots the peak current, Ip, as a function of the scan rate, ʋ. R2 values of 
0.997 and 0.998 for the oxidation and reduction peak currents, respectively, were 
achieved. Figure 4.20(B) plots the peak current, Ip, as a function of the square root of 
the scan rate, ʋ1/2.  R2 values of 0.980 and 0.975 for the oxidation and reduction peak 
currents, respectively, were achieved. As both these plots have straight line 
relationships a plot of the log of peak current vs the log of the scan rate was constructed, 
Figure 4.20(C).  This gave a linear dependence with slopes of 0.8181 and 0.9205 for 
the oxidation and reduction peaks, respectively.  These values, between 0.5 and 1.0, 
confirm mixed mass transport, diffusion and adsorption,40 resulting from thin-layer 
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diffusion.41, 42  This occurs when pockets of solution become trapped in the porous 
modified layer.  As the electron transfer proceeds the currents decay over the potential 
cycle as there is a limited amount of FBRR in the trapped solution.   These results are 
indicative of a quasi-reversible surface bound species that has been adsorbed onto the 
substrate surface.43   
As was observed previously the currents obtained increased with cycling.  In order to 
eliminate any hysteresis effects in the above experiments the electrodes were cycled 
from a slow scan rate of 20 mV/s increasing up to 500 mV/s, the order was then 
reversed (cycling from high scan rate to low).  By taking average peak currents of each 
scan rate better estimates of the currents were obtained. 
 
 
Figure 4.20: The plots of (A) Ip vs. ʋ, (B) Ip vs. ν1/2 and (C) log Ip vs. log ʋ, for CV modified CPEs, all 
in PBS pH 7.4 
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Figure 4.21(A) shows the results obtained when FBRR/TEABF4/ACN modified CPEs 
were cycled at various scan rates. The lower scan rates have been isolated in Figure 
4.21(B) and show the oxidation and reduction peaks resulting from the FBRR salt.  
These peaks are not evident at higher scan rates as the faster scan rate has failed to 
differentiate the peaks during the cycle.  Comparing Figures 4.19(A) and 4.21(A) 
reveals the differences in peak formations between the two supporting electrolytes 
used, with the FBRR/H2SO4 peaks much sharper than the FBRR/TEABF4 peaks. 
 
Figure 4.21: (A) FBRR modified electrodes cycled in PBS with varying scan rates between 50 and 
1000 mV/s and (B) the lower scan rates expanded, n = 4. 
 
Again, the peak currents for both the anodic and cathodic reactions are directly 
proportional to the scan rate indicating a surface controlled redox process, and vary 
linearly with the square root of scan rate indicating a diffusion-controlled process.   
Figure 4.22 (A) plots the peak current, Ip, as a function of the square root of the scan 
rate, ʋ1/2. Correlation coefficients of 0.996 and 0.997 for the anodic and cathodic peak 
currents, respectively, were achieved. Figure 4.22(B) plots the peak current, Ip, as a 
function of the scan rate, ʋ.  R2 values of 0.979 and 0.984 for the anodic and cathodic 
peak currents, respectively, were achieved.  The corresponding plot of the log of peak 
current vs. the log of the scan rate. Figure 4.22C, also revealed a linear dependence 
with slopes of 0.802 and 0.739 for the oxidation and reduction peaks, respectively, 
leading to Equations 4.1 and 4.2, indicative of thin layer diffusion. 
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Anodic:     log Ip = 0.802 log ʋ - 7.98;   R2 = 0.9869                4.1 
Cathodic:  log Ip = 0.739 log ʋ - 8.39;   R2 = 0.9948                4.2 
 
Figure 4.22: The plots of (A) Ip vs. ʋ, (B) Ip vs. ʋ1/2 and (C) log Ip vs. log ʋ, for FBRR/TEABF4/ACN 
modified CPEs, all in PBS pH 7.4.     
 
4.2.3.10 Potential Window 
FBRR/H2SO4 was deposited onto CPEs by LSV for 5 sweeps using the following 
potentials; (A) 0.40 to -0.80 V, (B) 0.60 to -0.80 V and (C) 0.80 to -0.80 V vs. SCE.  
The modified electrodes were then cycled in N2 saturated PBS over various potential 
ranges, (-0.70 to 0.80 V, -0.50 to 0.50 V and -0.30 to 0.10 V vs. SCE) in this order to 
see if cycling over a wider window first affected the peaks when cycling over the 
subsequent narrower potential window.  The modified electrodes were also cycled over 
each potential range individually.  As the day of depositing FBRR played a significant 
role in the resulting CVs the listed experiments were carried out using the solution on 
days 2 and 3, which were previously found to be the optimum days for depositing 
FBRR/H2SO4. The resulting CVs for FBRR deposition on day 3 only are shown in this 
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section.  Figures 4.23 A-C show the resulting CVs from modified electrodes being 
cycled over all the potential ranges in the order -0.70 to 0.80 V, -0.50 to 0.50 V and 
then -0.30 to 0.10 V vs. SCE for 50 cycles each (day 3). The results clearly show 
reduced peak definition and currents as the potential window was narrowed. They also 
show that a sharper peak is consistently obtained for the anodic peak making this the 
peak of choice for examination of peak potentials for pH analyses.  
 
Figure 4.23: FBRR/H2SO4 deposited onto CPEs from (A) 0.40 to -0.80 V, (B) 0.60 to -0.80 V and (C) 
0.80 to -0.80 V vs. SCE and subsequently cycled over various potential windows in the order  -0.70 to 
0.80 V, -0.50 to 0.50 V and -0.30 to 0.10 V vs. SCE.   n = 4. 
 
Electrodes were also FBRR modified and cycled through each of the above potential 
ranges individually, i.e. four electrodes were cycled from -0.70 to 0.80 V, another four 
were cycled from -0.50 to 0.50 V and finally four electrodes were cycled from -0.30 
to 0.10 V.  The average CVs are shown in Figure 4.24(A) (day 3).  Again reduced peak 
definition and currents were obtained as the potential window was narrowed. 
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To check whether the order of cycling through each potential window had an effect on 
the resulting CVs, electrodes were first cycled from -0.30 to 0.10 V followed by -0.70 
to 0.80 V vs. SCE for 50 cycles each.  Figure 4.24(B) shows the final CVs (day 3) 
which clearly show no effect caused by the order of cycling.  
It can be concluded from the results in this section that the most defined oxidation and 
reduction peaks are obtained on cycling the modified electrodes from -0.70 to 0.80 mV 
vs. SCE.  These results also confirmed the optimal potential range of 0.40 to -0.80 V 
vs. SCE for the deposition of FBRR/H2SO4 onto CPEs by LSV. 
Figure 4.24: (A) CVs of CPEs modified from 0.40 to -0.80 V vs. SCE cycled over various potential 
ranges and (B) cycled over various potential windows in the order -0.30 to 0.01 V vs. SCE followed by 
-0.70 to 0.80 V vs. SCE, n = 4. 
 
When FBRR/TEABF4/ACN modified CPEs were cycled over various potentials it was 
noted that in order to observe the entire reduction peak the potential should be cycled 
to at least -0.50 V vs. SCE, this also results in improved anodic peaks.  A further 
improvement in the sharpness of the redox peaks was observed when cycling the 
modified CPEs to -0.70 V vs. SCE, as increasing the cathodic potential has been shown 
to enhance the redox peaks.37  
As there were several parameters that affected the formation of sharp, reproducible 
redox peaks CPEs modified at various scan rates (20-100 mV/s) were cycled through 
various cathodic potentials (-0.10 to -0.70 V vs. SCE).  The limit of the cathodic 
potential was set at -0.70 V vs. SCE as any lower would result in a longer time period 
taken for each cycle, increasing the response time of the sensor.  This cathodic limit 
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would also eliminate the generation of H2 at the electrode surface.  Figure 4.25 shows 
the resulting CVs from CPEs having been modified at various scan rates then cycled 
to -0.50 V (A) and -0.30 V (B) vs. SCE.  It can be seen that electrodes electro-reduced 
at 100 mV/s resulted in clearer redox peaks, making it easier to extrapolate the peak 
potential values required when testing the pH sensitivity of the FBRR/CPEs.  
 
Figure 4.25: (A) CPEs modified at various scan rates and (B) cycled in PBS to cathodic potentials of -
0.50 and -0.30 V vs. SCE, n = 4. 
 
Figure 4.26 shows the results observed when CPEs were modified at 100 mV/s and 
then cycled in PBS over various cathodic potential windows.  From the plot it can be 
seen that reducing the cathodic potential increases the current and gives more defined 
oxidation and reduction peaks.  As a result all cycling of FBRR/CPEs was carried out 
at 100 mV/s between -0.70 and 0.80 V vs. SCE. 
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Figure 4.26: CPEs modified at 100 mV/s cycled in PBS through various cathodic potential windows, n 
= 4. 
 
4.2.3.11 Stability of Redox Peaks 
A requirement of a successful sensor is that its response remains stable over the time 
period required for use.  A major problem with a lot of existing pH meters is that they 
tend to drift over time, therefore requiring frequent calibration.30  In order to monitor 
the stability of the redox peaks obtained when CPEs were modified (LSV and CV) 
with FBRR/TEABF4/ACN they were cycled in PBS for 400 cycles, (200 minutes) at 
100 mV/s.  As the age of the FBRR solution used and the potential range applied during 
electrodeposition were contributing factors to the resulting redox peaks the above 
procedure was carried out varying both of these parameters.   The CVs resulting from 
cycling LSV modified CPEs from 0.40 to -0.80 V vs. SCE on days 1-3 are shown in 
Figure 4.27. Statistical analyses of their anodic and cathodic peak potentials are shown 
in Table 4.1 along with those obtained when depositing FBRR by CV.  The CVs show 
every 50th cycle corresponding to a time period of 25 minutes.  The peak potentials 
were recorded at this interval and analysed.   Deposition of FBRR on days 2 and 3 
resulted in peaks with similar currents, whereas FBRR deposited using the fresh 
solution had reduced currents reinforcing that the optimum days for using the FBRR 
solution are days 2 and 3. Other potential ranges were investigated in this manner.  
With regard to the results shown here the deposition of FBRR on day 1 resulted in 
peaks that were substantially different to those of days 2 and 3.  It appears that the 
reduction peak potential (peak 2) Epcathodic, was more stable after 100 cycles had been 
applied, whereas the oxidation peak potential (peak 1) Epanodic, was stable from the 50
th 
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cycle.  It was also clear that the currents increased with cycling.  Again, this was caused 
by the silicone oil leeching from the CPE.11,29  When this happens it leaves a higher 
carbon:oil ratio in the paste resulting in a higher electron transfer rate.11  Also the 
leeching of the binding fluid caused the CPE surface to contract, resulting in an 
increased surface area and therefore increased currents. 
  
 
Figure 4.27: Stability of the oxidation and reduction peaks of FBRR deposited from 0.40 to -0.80 V vs. 
SCE showing 400 cycles on 3 different days.. 
 
Table 4.1: Analyses of peak potentials for FBRR/TEABF4/ACN CPEs modified by LSV and CV. 
  LSV CV 
Day1 
Peak E/V SEM n E/V SEM n 
Ox. -0.088 0.002 8 
-0.03       
 
0.002 16 
Red. -0.305 0.002 8 -0.276 0.008 16 
Day 2 
Ox. 0.016 0.002 8 0.017     0.002 16 
Red. -0.315 0.003 8 -0.302 0.004 16 
Day 3 
Ox. 0.025 0.002 8 0.025 0.002 8 
Red. -0.274 0.002 8 -0.274 0.002 8 
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The typical voltammograms in the potential ranges chosen, at a FBRR/CPE, show pairs 
of redox peaks.  An anodic peak, Epa, appears at approximately -0.03 V vs. SCE, which 
corresponds to the oxidation of the FBRR leading to the formation of its equivalent 
quinone.24  In the reverse scan the cathodic peak, Epc, appears at approximately -0.30 
V vs. SCE. 
In order to examine the stability of the FBRR/H2SO4 electrodes with cycling and over 
time modified electrodes were cycled in PBS for 400 cycles. The CVs in Figure 4.28 
show that the oxidation peak of interest appears stable at -0.028 ± 0.002 V vs. SCE (n 
= 32).  A close up of the highlighted peaks confirmed that the peak was more stable 
from cycle 100 onwards, so this was the minimum number of cycles undertaken for 
future testing of FBRR/H2SO4 modified CPEs. Again the difference in peak quality is 
evident when comparing Figures 4.27 (TEABF4/ACN) and 4.28 (H2SO4). 
 
Figure 4.28: Stability of the peak potentials of FBRR/H2SO4 modified CPEs over 400 cycles, n = 4. 
 
4.2.3.12 Storage of CPEs  
Literature has reported that storing CPEs for 12-48 hours prior to use can enhance their 
performance.9  CPEs were prepared and used immediately, stored for 24 hours at room 
temperature or refrigerated at 4°C for 24 hours before being modified.  
(FBRR/TEABF4/ACN). The resulting CVs of the modified electrodes, shown in 
Figure 4.29(A) with the anodic (B) and cathodic (C) peaks below, conclude that there 
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was no apparent advantage to storing the CPEs before depositing 
FBRR/TEABF4/ACN.  It does however show that the peaks appear at different 
potentials when stored overnight, with CPEs stored having lower potentials than those 
used immediately, indicating a more favourable oxidation.  All electrodeposition used 
a FBRR solution on day 4 hence, the currents obtained were lower than expected. 
 
Figure 4.29(A): CVs showing the effect of storing CPEs at room temperature and 4°C before 
modification with FBRR/TEABF4/ACN, n = 4. Close ups of the redox peaks are shown in (B) and (C) 
respectively. 
 
Similarly, electrodes were modified with FBRR/H2SO4 having been stored at room 
temperature or refrigerated for 24 hours prior to FBRR electrodeposition. The resulting 
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they were cycled.  The most defined oxidation peak results from electrodes prepared 
and modified on the same day.  Electrodes stored at room temperature resulted in broad 
ill-defined anodic peaks. When storing CPEs before use it is recommended that they 
are stored in distilled water.44 The storage conditions employed in this section resulted 
in the “drying out” of the CPE. 
 
Figure 4.30: Effect of storing bare CPEs prior to electrodeposition of FBRR, n = 12. 
 
When depositing FBRR from 0.1 M TEABF4/ACN it was found that storing the bare 
CPE at room temperature overnight had no effect on the deposition. With the acid as 
solvent, better results were obtained when the electrodes were modified immediately 
after preparation as the formation of the oil layer on the surface may decrease the 
interaction between the organic layer and the aqueous solution therefore resulting in a 
reduction in the amount of FBRR deposited onto the carbon. Whereas when a layer of 
oil forms over the surface of the FBRR/TEABF4/ACN modified electrode it allows the 
adsorption of FBRR from the organic solution.45  
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To examine the effect of storage on the FBRR/TEABF4/ACN CPEs, modified 
electrodes were either used immediately or stored overnight at room temperature or at 
4°C before being cycled in PBS.  The resulting CVs are shown in Figure 4.31.  These 
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show that although storing the modified electrodes at 4°C gives better currents, the 
reduction peak was evident at a more negative potential, -0.45 V vs. SCE.   
 
Figure 4.31: CVs showing the effect of storage on FBRR/ TEABF4/ACN CPEs n = 4. 
 
The resulting CVs for FBRR/H2SO4 electrodes are shown in Figure 4.32. They 
demonstrate that there is no advantage to storing the CPEs before depositing FBRR, in 
fact those stored at 4°C have lower current responses.  This is because at temperatures 
below 5°C the reaction producing the aryl radical and anion has been slowed down.18, 
34 All results here have used FBRR on day 2. 
  
Figure 4.32: CVs showing the effect of storage of CPEs on FBRR/H2SO4 modified electrodes cycled 
in PBS pH 7.4, n = 4. 
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4.2.3.14 FBRR/H2SO4 Storage 
Previously the FBRR/H2SO4 solution was always refrigerated when not in use.  In 
order to investigate whether these were the optimum storage conditions a solution of 
2 mM FBRR was prepared in 0.1 M H2SO4 and stored at room temperature.  Because 
day 2 and 3 had previously been identified as giving the best results, the solution was 
prepared 24 hours before use.  Solution A was stored in the refrigerator at 4°C.  
Solutions B and C were stored at room temperature.  The resulting CVs are shown in 
Figure 4.33.  Whereas there was no distinct difference between storage methods on 
day 2 (A), it was clear that storing the FBRR/H2SO4 solution at 4°C clearly prolonged 
the life of the solution by day 3 (B). 
 
Figure 4.33: Resulting CVs from FBRR/H2SO4 solutions stored at either room temperature or 4°C, 
deposited on (A) day 2 and (B) day 3, n = 8. 
 
The images in Figure 4.34 show how the salt fell out of solution when the 
FBRR/H2SO4 was stored at room temperature.  After depositing FBRR on day 2, 
Figure 4.34(A), the solution still appeared pale yellow but upon agitation the salt did 
not go back into solution.  After depositing FBRR on day 3, Figure 4.34(B), the 
solution was almost clear, again the salt did not go back into solution after stirring or 
sonication. In order to examine whether the electro-reduction caused the salt to fall 
from solution, a solution of FBRR/H2SO4 was stored for 3 days at room temperature.  
This solution was not used for any electrodeposition experiments.  Again it can be seen 
that the salt fell from the solution and upon stirring did not go back into solution. In 
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contrast a solution refrigerated for 3 days slightly fell out of solution but upon stirring 
appeared to return to normal.  
 
     
Figure 4.34: FBRR/H2SO4 solutions stored at room temperature and used for deposition on (A) day 2 
and (B) day 3. Image (C) shows a solution stored for 3 days at room temperature not used for deposition.  
 
4.2.3.15 pH Response 
This chapter so far has detailed the parameters affecting the sharpness, stability and 
reproducibility of the redox peaks of FBRR/TEABF4/ACN and FBRR/H2SO4 CPEs.  
In order to examine the pH response using the optimum conditions obtained the 
modified electrodes were cycled in PBS of pH 7.2, 7.4 and 7.6, the pH being altered 
using NaOH or NaH2PO4 as required. The oxidation/reduction reaction of FBRR 
involves a 2e-/2H+ exchange, so according to the Nernst equation when cycling FBRR 
modified electrodes in solutions of various pH an ideal Nernstian response of -59 mV/ 
pH should be obtained.  
Figure 4.35 shows modified CPEs, (TEABF4/ACN), cycled for 50 cycles, in each pH 
PBS solution (n = 4).  Figure A shows electrodes cycled in PBS (50th cycle) of pH 7.4 
first followed by 7.2 and 7.6.  Figure B shows electrodes cycled in order of increasing 
pH, 7.2, 7.4 and 7.6 (50th cycle).     
A B C 
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Figure 4.35: CVs of FBRR/CPEs (TEABF4/ACN) cycled in PBS pH 7.2, 7.4 and 7.6. The order of 
cycling was specified as (A) 7.4, 7.2, 7.6 and (B) 7.2, 7.4, 7.6, n = 4. 
 
 
Figure 4.36: pH responses, anodic and cathodic, of FBRR/CPEs (TEABF4/ACN), varying the order of 
the solution pH, n = 4. 
 
Analyses of the peak potential responses to pH are also shown. As stated above a 
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for either the oxidation or reduction peaks. There are huge variations in the potential 
responses and large inter-electrode variabilities, shown in Table 4.2.  Electrodes cycled 
in PBS pH 7.4, followed by 7.6 and 7.2 resulted in pH responses of +8 mV/pH for the 
anodic peak and a non-linear response for the cathodic peak whereas those cycled in 
order of increasing pH gave a non-linear response for the anodic peaks and a response 
of -20 mV/pH unit for the cathodic peaks. A possible source for these errors and non-
linear pH responses was the formation of multilayers of FBRR onto the electrode 
surface. This was further corroborated by the CVs in Figure 4.35, where the broad 
peaks are indicative of a slow electron transfer due to an increased diffusion layer 
thickness. 
 
Table 4.2: Summary of the pH responses of the anodic and cathodic peaks of FBRR/CPEs 
(TEABF4/ACN). 
pH Order 
pH Response 
(Anodic)/mV 
R2 
pH Response 
(Cathodic)/mV 
R2 
7.4, 7.6, 7.2 +8.33 0.7500 Non-linear ______ 
7.2, 7.4, 7.6 Non-linear ______ -19.94 0.9895 
 
As the results from this section were particularly poor it could not be determined 
whether the order of cycling in each pH PBS solution had any effect on the resulting 
peak potentials.  From this point the order of cycling was randomly assigned in order 
to eliminate any possible hysteresis effects. 
Various conditions for the deposition of FBRR onto CPEs, and their subsequent 
storage, were examined to see whether or not the modified electrodes had a Nernstian 
response (-59 mV/pH) to pH changes.  These parameters included the age of the FBRR 
solution, the deposition scan rate and potential window applied during deposition, the 
number of deposition cycles, the potential range and scan rate used during cycling the 
modified CPEs and the storage conditions for bare and modified CPEs. An example of 
the resulting CVs is shown in Figure 4.37 with close-up images of the anodic and 
cathodic peaks. In the example shown FBRR/H2SO4 was electrodeposited on day 3 by 
CV, 2 cycles, from 0.40 to -0.80 V vs. SCE at 100 mV/s and subsequently cycled from 
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-0.70 to 0.80 V vs. SCE at 100 mV/s.  The anodic peak response was -40 ± 0.1 mV/pH 
(R2 > 0.99) and the cathodic peak response was -43 ±17 mV/pH (R2 = 0.86). The order 
of PBS pH was randomly chosen in all experiments in order to eliminate any hysteresis 
effects.  A comprehensive set of the pH responses resulting from the aforementioned 
variables, from electrodes modified by CV in H2SO4, is shown in Table 4.3.  It shows 
the inconsistency in the pH responses obtained and also a wide range of errors between 
the individual modified electrodes. 
Figure 4.37: CV of the response to pH for FBRR/H2SO4 CV modified CPEs with close-ups of the 
anodic and cathodic peaks, n = 4. 
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Table 4.3: pH responses of FBRR/H2SO4 CV modified CPEs under various deposition and cycling 
conditions. 
Variable   Oxidation Reduction 
  
Day 
FBRR 
Slope 
(mV/pH) 
R2 n 
Slope 
(mV/pH) 
R2 
Scan Rate 
(mV/s) 
20 1 -127 ± 75 0.740 4 27 ± 10 0.885 
50 4 -73 ± 6 0.994 4 -28 ± 4 0.976 
100 1 -106 ± 6 0.996 4 -8 ± 7 0.519 
200 1 -28 ± 99 0.076 4 -6 ± 4 0.996 
500 1 -110 ± 19 0.912 4 -28 ± 4 0.976 
Deposition 
Potential  
(V vs. SCE) 
0.40/-1.00 2 -58 ± 5 0.993 4 -83 ± 24 0.367 
0.40/-0.80 3 -60 ± 2 0.997 4 -76 ± 12 0.876 
0.40/ -0.60 3 -95 ± 4 0.998 4 -55 ± 3 0.997 
Number of 
Cycles 
1 1 -44 ± 18 0.855 4 -43 ± 17 0.858 
2 3 -40 ± 0.1 1.000 4 -75 ± 1 0.999 
5 3 -43 ± 21 0.807 4 -75 ± 1 0.999 
10 3 -45 ± 12 0.925 4 -74 ± 2 0.978 
Potential 
Range 
 (V vs. SCE) 
-0.50/0.50 2 -53 ± 2 0.999 4 -75 ± 5 0.996 
-0.70/0.80 2 -87 ± 8 0.992 4 -23 ± 15 0.697 
Storage of 
CPEs (24 
Hours) 
22°C 2 -68 ± 13 0.968 4 -60 ± 4 0.996 
4°C 2 -100 ± 6 0.997 4 -38 ± 53 0.330 
Storage of 
Modified 
CPEs (24 
Hours) 
22°C 1 -75 ± 3 0.999 4 -60 ± 9 0.980 
4°C 1 -5 ± 6 0.429 4 -50 ± 25 0.800 
Freezer 1 -91 ± 34 0.879 4 -15 ± 56 0.066 
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From Table 4.3 the most reliable pH response was obtained when depositing 
FBRR/H2SO4 from an anodic potential of 0.40 V vs. SCE to -0.80/-1.0 V vs. SCE. The 
optimum deposition conditions achieved throughout this chapter were then applied for 
CPE modification, i.e., LSV from 0.1 M H2SO4, from 0.40 to -0.80 V vs. SCE at 100 
mV/s. The  resulting CVs for both the 50
th (A) and 100th (B) cycles are shown in Figure 
4.38 with the insets showing close-up views of the anodic peaks of interest. They 
clearly show a shift in the peak potential on changing the pH of the PBS solution 
between 7.2 and 7.6.  
 
Figure 4.38: CVs of the variation of peak potential with changing pH having cycled the FBRR/H2SO4 
modified CPEs for 50 cycles (A) and 100 cycles (B), n = 4.  
 
The corresponding pH responses of the modified CPEs are shown in Figure 4.39. 
Having cycled the modified CPEs for 50 cycles (A) before each peak potential was 
recorded resulted in a straight line graph with a slope (pH response) of -72 ± 5 mV/pH, 
R2 > 0.99, n = 12. This is substantially higher than the ideal Nernstian response of -59 
mV/pH.  After 100 cycles (B) the pH response and errors were substantially reduced 
to -59 ± 3 mV/pH, R2 > 0.99, n = 39.  These results confirmed that CPEs modified by 
LSV with FBRR/H2SO4 required 100 cycles before recording their peak potentials.  
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Figure 4.39: pH responses of FBRR/H2SO4 modified CPE cycled for 50 cycles (A) and 100 cycles (B), 
n = 4. 
 
4.2.3.16 Second Oxidation Peak 
When the modified electrodes were recycled in PBS a second oxidation peak at ca. 
0.35 V vs. SCE was apparent, see Sections 4.2.2.1-2. The currents for this peak 
increased at a slower rate than the first (quinone) oxidation peak with cycling, and after 
400 cycles were no longer distinguishable. In order to identify this peak the modified 
electrodes were held under different conditions.  The electrodes were rinsed, 
immediately after FBRR deposition, with H2O, ACN and N2 saturated ACN to remove 
any loosely bound molecules that may be present.  The resulting CVs are shown in 
Figure 4.40.  The electrodes that were rinsed under the above mentioned conditions 
gave far inferior responses on cycling and the second oxidation peak was still evident 
(inset).  
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Figure 4.40: (A) CVs showing an unrinsed and various rinsing methods for a CPE after FBRR 
deposition. (B) The resulting CVs for various rinsed modified CPEs, n = 4. 
 
The FBRR salt used in the experiments contains ZnCl2 (4-Benzoylamino-2, 5-
dimethoxybenzenediazonium chloride hemi zinc chloride).  To examine whether or 
not the second peak could result from the ZnCl2 various concentrations of ZnCl2 were 
dissolved in 0.1 M TEABF4/ACN and electrodeposited onto CPEs by cycling between 
0.40 and -0.80 V vs. SCE at 100 mV/s for 10 cycles.  The electrodes were then cycled 
in PBS.  The resulting CVs are shown in Figure 4.41.  There is a second oxidation peak 
evident for 0.5, 1 and 2 mM ZnCl2.  The 5 mM sample did not fully dissolve into 
solution. 1 mM is the corresponding amount of ZnCl2 contained in 2 mM FBRR 
solution.   
 
Figure 4.41: CVs showing various concentrations of ZnCl2 in 0.1 M TEABF4/ACN and a close up of 
the oxidation peaks in the inset, n = 4. 
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A calibration curve of the concentration of ZnCl2 against the peak current obtained 
was plotted and is shown in Figure 4.42.  The relationship is not linear over the full 
range of concentrations used, but the inset shows good linearity between 0.5 and 2 mM 
(R2 > 0.99).  A method to diminish the effect of ZnCl2 on the resulting CVs will be 
discussed later in this chapter, Section 4.3.5.11. 
 
Figure 4.42: Calibration curve showing the response of various concentrations of ZnCl2 in 0.1 M 
TEABF4/ACN electrodeposited onto CPEs, n = 4. 
 
4.2.3.17 Mitigation of ZnCl2 
It has been confirmed throughout this section that FBRR deposited after day 1 gave 
the best results.  It was thought that the ZnCl2 might deposit onto the electrode more 
readily than the FBRR therefore blocking available sites on the electrode surface. “Pre 
reducing” the solution onto bare CPEs would reduce more ZnCl2 onto the first set of 
electrodes; therefore in subsequent reductions less ZnCl2 would deposit and so more 
sites for the FBRR to covalently bond onto the electrode surface would be available.  
If this was the case then Zn, although in small concentrations, would be more readily 
visible with EDX on the electrodes used for the “pre reduction”. Previous EDX rarely 
found Zn on the electrode surface, most notably from LSV reduction.  However, the 
presence of zinc is evident from the EDX in Figure 4.44 which is shown alongside the 
corresponding SEM micrograph in Figure 4.43. 
 
0 2 4 6
0
5
10
15
20
25
[ZnCl2] / mM
C
u
rr
e
n
t 
/ 
n
A
0.5 1.0 1.5 2.0
CPE: Optimisation of Electrochemical Reduction                                        Chapter 4         
 
159 
 
 
Figure 4.43: SEM micrograph from the first set of CPEs modified with FBRR/H2SO4 showing evidence 
of zinc deposition onto the surface. 
 
 
Figure 4.44: EDX from the first set of CPEs modified with FBRR/H2SO4 showing evidence of zinc 
deposition onto the surface. 
 
As the results obtained when depositing FBRR/H2SO4 onto a CPE on day 1 were 
consistently poor, the solution was prepared as normal but stored in the refrigerator at 
4°C overnight before being used for LSV electrodeposition on day 2.  Figure 4.45 
shows that this still resulted in poorly defined peaks (inner, dashed line).  The same 
solution was used later that day, for deposition of FBRR by LSV (5 sweeps, from 0.40 
to -0.80 V vs. SCE at 100 mV/s).  This resulted in far superior results. Similar redox 
peaks were obtained when a FBRR/H2SO4 solution was “pre-reduced” by CV.  It was 
therefore confirmed that the FBRR/H2SO4 solution required several pre-reduction 
30 µm 
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sweeps in order to obtain well defined peaks, so all future FBRR/H2SO4 solutions were 
“pre reduced” onto 4 CPEs by sweeping from 0.40 to -0.80 V vs. SCE at 100 mV/s for 
5 sweeps before being used for any further studies. 
 
 
Figure 4.45: Effect of “pre-reducing” the FBRR solution (LSV and CV) onto 4 CPEs prior to 
electrodeposition on CPEs used for analysis, n = 4. 
 
4.2.3.18 Real-Time pH Response 
In the previous section the pH response of FBRR/H2SO4 modified CPEs was enhanced 
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a set-up whereby the modified CPEs were not removed from the solution between 
recordings was designed.  
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was altered by dropping small amounts of either 0.5 M NaOH or 0.5 M NaH2PO4.  
After the pH was altered the solution was stirred vigourously for a few seconds then 
the electrodes were cycled for a further 50 or 20 cycles before the peak potential and 
pH were recorded. During cycling the solution was slowly stirred to eliminate the 
possibility of pH drift. The magnetic stirrer was set to spin at approximately 45 
rev/min. The results for both settling periods are shown in Figure 4.46.  They show pH 
responses of -61 ± 3 mV/pH (R2 = 0.97, n = 4) for 50 cycles (A) and -57 ± 2 mV/pH 
(R2 = 0.92, n = 16) for 20 cycles (B).  These results substantially improved the response 
time of the pH sensor.  
 
Figure 4.46: Real-time pH response of FBRR/CPEs with peak potentials recorded every 50 (A) and 20 
(B) cycles, n = 4. 
 
4.2.3.19 Changing pH Using a Constant Flow Rate Pump System 
Tissue pH in living organisms is tightly regulated and should be maintained close to a 
value of 7.4.46 As this pH sensor was designed to record physiological pH changes it 
needed to be sensitive to within 0.01 pH units between pH values 7.2 to 7.6. To test 
the sensitivity of the FBRR/H2SO4 electrode in a real-time situation CPEs were 
modified with FBRR as in Section 4.2.2.18.  A similar setup to the real time study was 
used except a micro pump with a constant flow rate of 5 µl/min was incorporated in 
order to change the pH of the PBS.  The electrodes were allowed to settle for 50 cycles 
prior to any pH recordings. Either 0.5 M NaOH or 0.5 M NaH2PO4 was used to 
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limits (7.20 and 7.60) while the solution was slowly stirred (45 rev/min). The cycle 
number and time were noted on each pH change of 0.01 pH units. The peak potentials 
were extrapolated after the experiment was completed.  The results are shown in Figure 
4.47 and show that the FBRR/CPE had a sensitivity of -56 ± 1 mV/pH (R2 > 0.95, n = 
4). The error bars in Figure 4.47 correspond to ca. 2 mV, which is equivalent to 0.03 
pH units. These results demonstrated that the FBRR/H2SO4 modified CPE 
continuously measured pH changes in-vitro. 
 
Figure 4.47: pH response of FBRR/CPEs using a controlled flow micro pump system to alter pH, n = 
4. 
 
4.2.3.20 Observation 
It was observed throughout this chapter that modified CPEs exhibited inconsistent 
currents during cycling, demonstrated in Figure 4.48 which shows four CPEs (A-D) 
modified by CV in 0.1 M H2SO4, having been stored and cycled in PBS using the same 
conditions.  These discrepancies are most likely a problem inherent with CPEs.  
Various currents are obtained due to the inconsistent compactness of the paste in the 
cavity caused by the manual packing of the paste,9 resulting in varied coverage of the 
adsorbed species onto the electrode surface between experiments.39  The rougher 
surface may in fact result in more FBRR becoming embedded within the layers of the 
carbon paste.  In the example shown below there is a shift in potential over the four 
modified CPEs.  This would account for the large errors often found throughout this 
section.  
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Figure 4.48: Example of the wide range of CVs obtained from FBRR/H2SO4 modified CPEs. 
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4.3 Conclusion 
Throughout this chapter the modification of CPEs with FBRR was examined using 
either organic or aqueous solvents and varying the deposition technique between CV 
and LSV. Several deposition and CV parameters were investigated in order to achieve 
consistent, reproducible redox peaks with Nernstian pH responses.  When depositing 
FBRR by LSV, using TEABF4/ACN as the supporting electrolyte, it was confirmed 
that FBRR had deposited onto the electrode surface although the redox peaks were 
broad and ill-defined, indicative of slow electron transfer. This could result from the 
presence of the non-conducting silicon oil in the CPE or due to the formation of multi-
layers of FBRR on the surface, increasing the diffusion layer thickness. This hindered 
the ability to precisely locate the peak potentials that were necessary to analyse the pH 
response. During testing it became apparent that the anodic peak gave more stable, 
consistent potential readings. The age of the FBRR solution at the time of 
electrodeposition greatly influenced the resulting redox peaks.  When the 
functionalised CPEs were tested for their pH response, inconsistent non Nernstian 
values were obtained. Depositing FBRR onto CPEs proved more successful when 
electro-reduced by CV rather than LSV.  The anodic peaks obtained resulted in a pH 
response that was relatively close to Nernstian values, see Table 4.4.   
The electrodeposition of FBRR onto CPEs by CV using 0.1 M H2SO4 as the supporting 
electrolyte was also examined. The presence of FBRR on the CPEs was confirmed but 
the redox peaks remained relatively broad indicative of slow electron transfer. The pH 
sensitivities obtained gave some responses that were near Nernstian but were 
inconsistent, with a large inter-electrode variability. The best results obtained are 
included in Table 4.4. When depositing FBRR/H2SO4 by LSV the anodic peaks were 
consistently sharper and when analysed gave Nernstian pH responses of -59 mV/pH 
(see Table 4.4). Real-time pH studies were performed yielding linear responses with 
Nernstian values and reduced errors. The modification of CPEs with FBRR had 
successfully been optimised to produce a pH sensor capable of the real-time recording 
of pH changes in-vitro. 
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A second oxidation peak that was evident in many CVs was investigated as it was 
thought to interfere with the efficient deposition of FBRR when using a freshly 
prepared solution and it was concluded that it resulted from the ZnCl2 present in the 
salt. A method to eliminate the effect of ZnCl2 was performed when depositing from 
freshly prepared FBRR solutions. 
 
Table 4.4: pH sensitivities for FBRR/CPEs using the electrochemical techniques of CV and LSV in 
organic and aqueous solutions.  
ELECTROCHEMICAL 
TECHNIQUE 
SUPPORTING 
ELECTROLYTE 
pH 
RESPONSE 
(mV/pH) 
SEM n 
LSV 0.1 M TEABF4/ACN -20 4.1 4 
CV 0.1 M TEABF4/ACN -74 0.7 4 
CV 0.1 M H2SO4 -60 2.0 4 
LSV 0.1 M H2SO4 -59 3.0 39 
 
Using an aqueous solvent proved more beneficial to the final electrode design. The 
organic solvent, TEABF4/ACN, has a similar polarity to the silicone oil contained in 
the CPEs. This causes the removal of some oil from the electrode surface leaving it 
more carbon-like which facilitates the reduction of FBRR onto the substrate, possibly 
forming multi-layers.  The aqueous solvent, H2SO4, being opposite in polarity to the 
silicone oil, has no effect on the electrode surface. It is likely that less FBRR deposits 
onto the substrate, this is evident by the lower currents obtained when cycling 
FBRR/H2SO4 modified electrodes in PBS.  Monolayers of FBRR are more likely to 
result, meaning a thinner diffusion layer is formed, facilitating electron transfer at the 
electrode surface. This was confirmed by the sharper redox peaks.  
 
4.3.1 Final Design of Optimised CPE/FBRR pH Sensor 
 Prepare CPE as described in Section 2.3.1, for best results use on day of 
manufacture. 
 Prepare 2 mM solution of FBRR in 0.1 M H2SO4. Store at 4°C when not in use. 
 N2 saturate FBRR/H2SO4 prior to use. 
CPE: Optimisation of Electrochemical Reduction                                        Chapter 4         
 
166 
 
 Pre-reduce FBRR onto 4 CPEs (LSV 5 sweeps, 0.40 to -0.80 V vs. SCE at 100 
mV/s) and disregard. 
 Electro-reduce FBRR onto CPEs (LSV 5 sweeps, 0.40 to -0.80 V vs. SCE at 
100 mV/s). 
 Cycle modified CPEs in N2 saturated PBS for 100 cycles to stabilise (-0.70 to 
0.80 V vs. SCE at 100 mV/s).  This number of cycles can be reduced if the 
electrodes are not withdrawn from the solution between pH changes. 
 Store at 4°C if required, see Section 5.3.1.1. 
Figure 4.3.5.15 shows the CV for FBRR/CPEs prepared using the optimum conditions 
obtained in this section. The pH sensitivities were then determined using three different 
methods as described in Sections 4.3.5.12-14, all resulting in linear responses with near 
Nernstian values and small errors.   
 
Figure 4.3.5.15: CVs comparing bare CPEs with those modified with FBRR using the optimum 
deposition and cycling parameters obtained throughout Chapter 4.  
 
These conditions were the best design achieved for the development of FBRR/CPE 
voltammetric pH sensors. As the pH responses obtained had near Nernstian values of 
-59 mV/pH it was concluded that FBRR/CPEs had been developed that could 
successfully detect changes in pH to within 0.01 pH units in the in-vitro environment.   
 
-0.5 0.0 0.5
-0.1
0.0
0.1
Bare CPE
Modified CPE
Potential / V vs. SCE
C
u
rr
e
n
t 
/

A
CPE: Optimisation of Electrochemical Reduction                                        Chapter 4         
 
167 
 
4.4 References 
1. H. C. Leventis, I. Streeter, G. G. Wildgoose, N. S. Lawrence, L. Jiang, T. G. J. 
Jones and R. G. Compton, Talanta, 2004, 63, 1039-1051. 
2. A. J. Downard, Electroanalysis, 2000, 12, 1085-1096. 
3. K. Kalcher, I. Svancara, M. Buzuk, K. Vytras and A. Walcarius, Monatshefte 
für Chemie, 2009, 140, 861-889. 
4. H. Kahlert, Journal of Solid State Electrochemistry, 2008, 12, 1255-1266. 
5. R. N. Adams, Analytical Chemistry, 1958, 30, 1576. 
6. I. Svancara, M. Hvizdalova, K. Vytras, K. Kalcher and R. Novotny, 
Electroanalysis, 1996, 8, 61-65. 
7. J. Wang, T. Martinez, D. R. Yaniv and L. McCormick, Journal of 
Electroanalytical Chemistry Interfacial Electrochemistry, 1990, 286, 265-272. 
8. T. Mikysek, M. Stoces, I. Svancara and J. Ludvik, RSC Advances, 2012, 2, 
3684-3690. 
9. I. Svancara and K. Schachl, Chemicke Listy, 1999, 93, 490-499. 
10. I. Svancara, K. Vytras, K. Kalcher, A. Walcarius and J. Wang, Electroanalysis, 
2009, 21, 7-28. 
11. K. Kalcher, J. M. Kauffmann, J. Wang, I. Svancara, K. Vytras, C. Neuhold and 
Z. Yang, Electroanalysis, 1995, 7, 5-22. 
12. Q. J. Chi, W. Gopel, T. Ruzgas, L. Gorton and P. Heiduschka, Electroanalysis, 
1997, 9, 357-365. 
13. K. Kalcher, Electroanalysis 1990, 2, 419-433. 
14. M. E. Rice, Z. Galus and R. N. Adams, Journal of Electroanalytical Chemistry 
Interfacial Electrochemistry, 1983, 143, 89-102. 
15. H. Salehzadeh, D. Nematollahi, V. Khakyzadeh, B. Mokhtari and L. C. 
Henderson, Electrochimica Acta, 2014, 139, 270-280. 
16. M. Delamar, R. Hitmi, J. Pinson and J. M. Saveant, Journal of the American 
Chemical Society, 1992, 114, 5883-5884. 
17. B. Ortiz, C. Saby, G. Y. Champagne and D. Belanger, Journal of 
Electroanalytical Chemistry, 1998, 455, 75-81. 
18. J. Pinson and F. Podvorica, Chemical Society Reviews, 2005, 34, 429-439. 
19. J. J. Gooding, Electroanalysis, 2008, 20, 573-582. 
CPE: Optimisation of Electrochemical Reduction                                        Chapter 4         
 
168 
 
20. D. Belanger and J. Pinson, Chemical Society Reviews, 2011, 40, 3995-4048. 
21. M. A. Makos, D. M. Omiatek, A. G. Ewing and M. L. Heien, Langmuir, 2010, 
26, 10386-10391. 
22. P. A. Brooksby and A. J. Downard, Langmuir, 2004, 20, 5038-5045. 
23. R. Pazo-Llorente, C. Bravo-Diaz and E. Gonzalez-Romero, European Journal 
of Organic Chemistry, 2004, 3221-3226. 
24. Q. Lin, Q. Li, C. Batchelor-McAuley and R. G. Compton, Journal of Physical 
Chemistry C, 2015, 119, 1489-1495. 
25. P. S. Guin, S. Das and P. C. Mandal, International Journal of Electrochemical 
Science, 2011, 816202, 816222 pp. 
26. C. Batchelor-McAuley, Q. Li, S. M. Dapin and R. G. Compton, Journal of 
Physical Chemistry B, 2010, 114, 4094-4100. 
27. V. G. H. Lafitte, W. Wang, A. S. Yashina and N. S. Lawrence, Electrochemical 
Communications, 2008, 10, 1831-1834. 
28. M. A. Makos, Y.-C. Kim, K.-A. Han, M. L. Heien and A. G. Ewing, Analytical 
Chemistry, 2009, 81, 1848-1854. 
29. P. D. Lyne and R. D. O'Neill, Analytical  Chemistry, 1990, 62, 2347-2351. 
30. G. G. Wildgoose, M. Pandurangappa, N. S. Lawrence, L. Jiang, T. G. J. Jones 
and R. G. Compton, Talanta, 2003, 60, 887-893. 
31. M. Lu and R. G. Compton, Analyst, 2014, 139, 2397-2403. 
32. M. Lu and R. G. Compton, Analyst 2014, 139, 4599-4605. 
33. C. Apetrei, I. M. Apetrei, J. A. De Saja and M. L. Rodriguez-Mendez, Sensors, 
2011, 11, 1328-1344. 
34. J. Pinson, Chemical Society Reviews, 2012. 
35. J. K. Kariuki and M. T. McDermott, Langmuir, 2001, 17, 5947-5951. 
36. V. Hambate Gomdje, T. R. Ngono, H. Saadane, M. Ennachete, M. Khouili, A. 
Hafid, L. Benoit and A. Chtaini, Pharmaceutica Analytica Acta, 2013, 4, 
1000271/1000271-1000271/1000274, 1000274 pp. 
37. M. Raicopol, L. Necula, M. Ionita and L. Pilan, Surface and Interface Analysis, 
2012, 44, 1081-1085. 
38. J. Lindquist, Journal of Electroanalytical Chemistry Interfacial 
Electrochemistry, 1974, 52, 37-46. 
CPE: Optimisation of Electrochemical Reduction                                        Chapter 4         
 
169 
 
39. C. C. M. Neumann, C. Batchelor-McAuley, C. Downing and R. G. Compton, 
Chemistry - A European Journal, 2011, 17, 7320-7326. 
40. M. Hadi, Analytical Methods, 2015, 7, 8778-8785. 
41. I. Streeter, G. G. Wildgoose, L. Shao and R. G. Compton, Sensors and 
Actuators, B, 2008, 133, 462-466. 
42. G. Yildiz, Z. Aydogmus and J.-M. Kauffmann, Electroanalysis, 2013, 25, 
1796-1802. 
43. M. J. Sims, N. V. Rees, E. J. F. Dickinson and R. G. Compton, Sensors and 
Actuators, B, 2010, 144, 153-158. 
44. C. Olson and R. N. Adams, Analytica Chimica Acta, 1963, 29, 358-367. 
45. N. A. Ulakhovic, Zhurnal Analiticheskoi Khimii, 1995, 48. 
46. O. Korostynska, K. Arshak, E. Gill and A. Arshak, IEEE Sensors Journal, 
2008, 8, 20-28. 
 
 
CPE: In-Vitro Characterisation of pH Sensor                                                Chapter 5        
 
170 
 
 
 
 
 
 
 
 
 
Chapter 5 
 
In-Vitro Characterisation of 
CPE/FBRR/H2SO4 pH Sensor 
 
 
 
 
 
 
 
 
CPE: In-Vitro Characterisation of pH Sensor                                                Chapter 5        
 
171 
 
5.1 Introduction 
Chapter 4 of this thesis discussed the optimisation of the electrochemical reduction of 
FBRR onto CPEs. The results obtained confirmed that FBRR had been 
electrodeposited onto the carbon paste substrate. The most favourable conditions are 
detailed in Section 4.2. By maximising these parameters the FBRR derivatised CPEs 
yielded electrodes capable of determining pH changes in a solution, giving a Nernstian 
response of ca. -57 to -61 mV/pH unit in an in-vitro environment.  In order to bring 
this project forward towards the in-vivo application whereby real-time changes in pH 
values could be monitored, using in-vivo voltammetry, the modified electrodes were 
required to endure rigorous test procedures, exposing them to a range of different test 
conditions. 
 Living tissue contains a broad range of electroactive species, e.g., ascorbic acid (AA) 
and uric acid (UA), as well as lipids, proteins and surfactants.  These can limit the mass 
transport rate,1 diffusion and adsorption, at the electrode surface, thereby affecting the 
voltammetric signal produced by the functionalised CPEs. This is due to the lipophilic 
nature of biological tissue, which has been reported to remove the hydrophobic oil 
from the CPE surface,2  thus altering the modified surface.  
Conventional CPEs are simple and cheap to prepare, hence their widespread use in 
electrochemical sensors.  However, their reproducibility and stability, due to their 
easily corrupted surface, is flawed.3  The ease at which the FBRR functionalised CPEs 
become modified by the various physiological substances (lipids, proteins and 
surfactants), see Section 5.2.3, was a concern, mainly resulting from the loss of silicone 
oil changing the morphology of the electrode surface and the electron transfer at the 
solution/electrode interface. In order to create a more robust device, a styrene (Sty) 
modification was applied to the paste, before the electrochemical reduction of FBRR. 
This has previously been shown to improve the electrochemical properties of the 
carbon based electrodes.4, 5 The ability to incorporate monomers into the electrode 
design in an attempt to create a sturdier sensor capable of withstanding the harsh in-
vivo environment, has been investigated in our laboratory previously.6 Carbon pastes 
represent one of the most convenient materials for the preparation of modified 
electrodes.7   
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In contrast to the relatively complicated modifications of solid-state electrodes, the 
preparation of modified CPEs is very simple, and can be carried out by various 
procedures.8 Modifiers can be dissolved directly in the binding oil9 or physically mixed 
into the paste during its homogenisation.10  Modification can also be carried out by 
soaking the graphite particles in a solution of the required modifier.11 Finally, prepared 
pastes can be modified in-situ.12  In this chapter the incorporation of the monomer, 
Styrene (Sty) into prepared CPEs (SMCPEs) is investigated and the comparative 
results between FBRR/CPEs and FBRR/SMCPEs are shown alongside each other. 
Various metal ions, e.g., Mg2+ and Ca2+, are prevalent in biological environments, and 
have been recorded as affecting the peak potentials of several quinone derivatives.13 
The effect of ionic strength, operational temperature of the sensor and choice of 
reference electrode are also investigated in this chapter. 
 
5.2 Results and Discussion: 
In preparation for in-vivo testing the FBRR/H2SO4 modified CPE was subjected to a 
range of tests. These included the “shelf-life” of modified electrodes and suitable 
storage conditions. Several parameters that are unique to the in-vivo environment 
required investigation so these conditions were mimicked in-vitro. These included 
testing the biocompatibility of the FBRR/CPE, FBRR/SMCPE and the effects of 
known physiological and pharmacological interferences on the FBRR anodic signal. 
The effects of ionic strength and the introduction of metal ions into the testing solution 
were also examined. Finally the recording temperature and reference electrode were 
altered to mimic physiological conditions. 
Also included in this chapter is a comprehensive study into the carbon:silicone oil ratio 
present in CPEs and SMCPEs and how this ratio affects bare and modified electrodes 
when exposed to lipids, proteins, surfactants and ex-vivo brain tissue. 
 
5.2.1 Stability of FBRR/H2SO4 Modified CPEs  
In this section the stability of the pH response of FBRR/H2SO4 modified CPEs was 
examined over a time period of up to 1 month.  
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5.2.1.1 FBRR/H2SO4 Modified CPEs Stored in Air 
Figure 5.1 shows the resulting pH responses of FBRR/CPEs at calibration and after 
storage in air. 
 
Figure 5.1: pH response of modified CPEs calibrated and stored at 4°C for 1, 3, 7, 14 and 28 days, n = 
4. 
Table 5.1 shows analysed data for all the calibrations, pre and post storage.  It was 
noted that the slope (pH response) shifted towards a more Nernstian value after storage, 
suggesting the modified electrodes needed time to settle once prepared. This is most 
likely due to the carbon paste becoming more homogenised.12 The slopes of each set 
of electrodes, before and after storage, have been compared using unpaired t-tests.  
Although the results in Table 5.1 suggest an improvement in the pH response after 
storage, the analyses indicate that there was no significant difference in the pH 
sensitivities of the modified electrodes after storage at 4°C, for the times specified, (P 
> 0.05). 
The changing pH response over time is shown in Figure 5.2.  The sensitivity of the 
modified electrodes remained relatively stable, pre and post storage, for the first two 
weeks, but drifted after 28 days. However, the calibration sensitivity was lower than 
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expected here, and may have affected the results.  The differences in calibration slopes 
were due to inter-electrode variability, a problem inherent in CPEs.  Also, it was 
notable that the errors had generally reduced post storage.  
 
Table 5.1: Statistical analyses of modified CPE pH response before and after storage at 4°C. 
 
Slope 
mV/pH 
SEM R2 n P-value 
Calibrate -63.8 2.2 0.9988 4 
0.6426 
+ 1 Day -62.1 2.6 0.9982 4 
Calibrate -61.7 4.4 0.9949 4 
0.6033 
+ 3 Days -58.8 2.2 0.9986 4 
Calibrate -62.0 3.5 0.9969 4 
0.7618 
+ 7 Days -60.8 1.9 0.9990 4 
Calibrate -61.3 2.2 0.9988 4 
0.6479 
+ 14 Days -60.0 1.4 0.9994 4 
Calibrate -56.3 0.7 0.9998 4 
0.7854 
+ 28 Days -57.5 4.3 0.9944 4 
 
 
 
Figure 5.2: Variability in pH sensitivities of FBRR/H2SO4 modified CPEs, pre and post storage, at 4°C. 
 
Figure 5.3 shows the isolated anodic peaks of modified electrodes cycled in pH 7.2, 
7.4 and 7.6 for 100 cycles each, before and after storage for 3 days (A) and 14 days 
(B). They clearly indicate that there was a potential shift with changing pH and that 
the peak potentials remained reasonably stable.  
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Figure 5.3: Modified CPEs cycled in PBS pH 7.2, 7.4 and 7.6, before and after storage for 3 days (A) 
and 14 days (B) at 4°C. 
 
5.2.1.2 FBRR/H2SO4 Modified CPEs Stored in N2 
Figure 5.4 shows the pH response of FBRR/CPEs at calibration and after storage in N2 
for various time periods.  There was a clear difference in sensitivity on days 1 (60.0 to 
52.5 mV/pH) and 7 (68.8 to 53.8 mV/pH), and to a lesser extent on day 14 (67.5 to 
63.3 mV/pH). 
Table 5.2 shows analysed data for all the calibrations.  It was observed that the sensor’s 
sensitivity towards pH decreased after storage, with the only exception being after 28 
days. The slopes of each set of electrodes, before and after storage, were compared 
using unpaired t-tests. Some of the results gave a P-value > 0.05 meaning that there 
was no significant difference in the pH response of the modified electrodes after 
storage at 4°C for the times specified. However, after storing under N2 for 1 and 7 
days, the mean slopes were significantly different, with P-values of 0.0020 and 0.0119, 
respectively.   
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Figure 5.4: pH response of modified CPEs calibrated and stored at 4°C under N2, for 1, 3, 7, 14 and 28 
days, n = 4. 
 
Table 5.2: Statistical analyses of the pH response of FBRR/CPEs before and after storage at 4°C in N2. 
 Slope V/pH SEM R2 n P-value 
Calibrate -60.0 1.4 0.9994 4 
0.0020** 
+ 1 Day -52.5 0.0 1.0000 4 
Calibrate -65.0 2.8 0.9980 4 
0.8045 
+ 3 Days -63.3 5.8 0.9918 4 
Calibrate -68.8 2.2 0.9990 4 
0.0119* 
+ 7 Days -53.8 3.6 0.9955 4 
Calibrate -67.5 4.3 0.9959 4 
0.3727 
+ 14 Days -63.3 0.0 1.0000 4 
Calibrate -66.3 2.2 0.9989 4 
0.1041 
+ 28 Days -67.5 21.7 0.9067 4 
 
Figure 5.5 shows how the pH response changed over time.  It can be seen that over all 
the storage periods examined the pH responses were not uniform and the errors had 
substantially increased after 28 days, similar to electrodes stored in air (see Figure 5.2). 
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Figure 5.5: Variability in pH sensitivities of FBRR/H2SO4 modified CPEs pre and post storage at 4°C 
in N2, n = 4. 
 
5.2.2 Effect of Styrene on CPEs 
It was identified, from previous group members, that functionalising CPEs with Sty, 
(SMCPEs), causes the carbon paste to contract, leaving a larger surface area, see Figure 
5.6. The CV in Figure 5.7(A) indicates the increased capacitance of CPEs once stored 
in Sty, which is indicative of the increased surface area. This was reduced once the 
surface had been smoothed off by repacking the cavity with the carbon paste/Sty 
mixture Figure 5.7(B).   
 
 
Figure 5.6: SEM micrograph of CPE stored overnight in styrene. 
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Figure 5.7: Effect of Sty on CPEs before (A) and after (B) repacking the cavity with the carbon paste/Sty 
mixture, n = 4. 
 
5.2.2.1 Drying Time of SMCPEs 
SMCPEs were dried for various amounts of time, at 4°C, before being modified with 
FBRR/H2SO4, using the same procedure described in Section 4.3. They were cycled 
in PBS solutions with pH values of 7.2, 7.4 and 7.6. The results are shown in Figure 
5.8 with their corresponding pH responses in Table 5.3. It was found that electrodes 
modified after 2 and 6 hours displayed an array of unidentified anodic and cathodic 
peaks. The characteristic FBRR redox peaks were well defined and located at 
potentials ca. -0.04 and -0.10 V vs. SCE. The ΔE value of 60 mV indicated a reversible 
redox reaction.  In Section 4.2.3.6, the FBRR/H2SO4 modification of CPEs resulted in 
a quasi-reversible reaction process. The change to reversibility of the system confirmed 
that the Sty modification had facilitated electron transfer at the solution/electrode 
interface.  After an 18 hour drying period the CVs were cleaner, with reversible anodic 
and cathodic peaks. These were the only electrodes that showed a good pH response 
with a sensitivity of -56 ± 14 mV/pH, n = 16. 
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Figure 5.8: SMCPEs dried for 2 hours (n = 4), 6 hours (n = 4) and 18 hours (overnight) (n = 16), before 
electrodeposition of FBRR/H2SO4. 
 
Table 5.3: pH sensitivities of FBRR modified SMCPEs stored over various time periods before 
electrodeposition of FBRR. 
Drying Time 
(Hours) 
SLOPE 
(mV/pH) 
SEM R2 n 
2 -45 14 0.901 4 
6 +28 6.0 0.960 4 
18 -56 14 0.944 16 
 
5.2.2.2 Carbon Paste: Styrene Ratio  
The amount of modifier in the paste usually varies between 10-30% (w/w),8 depending 
on the character of modifying agent and its capability of forming enough active sites 
in modified paste.12  
The most promising result in Section 5.2.2.1 was obtained when the repacked 
electrodes were dried overnight at 4°C before being modified with FBRR, although 
errors were still high.  In an attempt to reduce these errors various ratios of carbon 
 
 2 hrs
-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
-1.00
-0.75
-0.50
-0.25
0.00
0.25
0.50
0.75
bg
7.2
7.4
7.6
Potential / V vs. SCE
C
u
rr
e
n
t 
/

A
 6hrs
-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
-1.00
-0.75
-0.50
-0.25
0.00
0.25
0.50
0.75
bg
7.2
7.4
7.6
Potential / V vs. SCE
C
u
rr
e
n
t 
/

A
Overnight
-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
-0.75
-0.50
-0.25
0.00
0.25
0.50
0.75
7.2
7.4
7.6
Potential / V vs. SCE
C
u
rr
e
n
t 
/

A
CPE: In-Vitro Characterisation of pH Sensor                                                Chapter 5        
 
180 
 
paste: Sty were used in the manufacturing process of electrodes. The volumes of Sty 
(>99%) used were 12, 14 and 18-22 µl, while the mass of carbon paste was a constant 
0.025 g.  The resulting CVs for 19 and 20 µl are shown in Figure 5.9, with the anodic 
peaks of interest highlighted, along with their corresponding pH responses. The pH 
sensitivities of FBRR modified SMCPEs using all Sty volumes are shown in Table 5.4. 
The results have shown that using 18-20 µl oil: 0.025 g paste gave the best pH 
response, with substantially reduced errors for 20 µl. However, the pH sensitivities 
showed no improvement over FBRR/H2SO4 modified CPEs.  
 
 
 
Figure 5.9: (A) CVs of FBRR modified SMCPEs using 19 and 20 µl Sty in 0.025 g paste, (B) close-up 
of their anodic peaks and (C) pH sensitivities. 
 
 
 
 
 
-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
-0.50
-0.25
0.00
0.25
7.2
7.4
7.6
A
Potential / V vs. SCE
C
u
rr
e
n
t 
/

A
-0.15 -0.10 -0.05 0.00 0.05 0.10
0.10
0.15
0.20
B
Potential / V vs. SCE
C
u
rr
e
n
t 
/

A
7.2 7.4 7.6
-0.08
-0.07
-0.06
-0.05
-0.04
C
pH
P
e
a
k
 P
o
te
n
ti
a
l 
/ 
V
 
-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
-0.4
-0.2
0.0
0.2
0.4
7.2
7.4
7.6
Potential / V vs. SCE
C
u
rr
e
n
t 
/

A
A
-0.1 0.0 0.1
0.10
0.15
0.20
0.25
Potential / V vs. SCE
C
u
rr
e
n
t 
/

A
B
7.2 7.4 7.6
-0.04
-0.03
-0.02
-0.01
pH
P
e
a
k
 P
o
te
n
ti
a
l 
/ 
V
C
19 µl 
20 µl 
CPE: In-Vitro Characterisation of pH Sensor                                                Chapter 5        
 
181 
 
Table 5.4: pH responses of FBRR modified SMCPEs using various Sty: paste ratios. 
STY (µl) 
SLOPE 
(mV/pH) 
SEM R2 n 
12 -40 10 0.945 4 
14 -50 25 0.039 4 
18 -56 14 0.944 4 
19 -46 11 0.948 4 
20 -69 6 0.991 10 
21 -35 3 0.993 4 
22 -43 16 0.876 4 
 
 
5.2.2.3 Storage after FBRR Deposition 
FBRR/SMCPE modified electrodes were stored at 4°C for various amounts of time 
after deposition of FBRR and before being calibrated.  The pH responses of these 
electrodes are shown in Figure 5.10 and clearly show that the best pH sensitivity was 
obtained when the electrodes were stored for a period of 1 day before carrying out a 
calibration. These gave a pH response of 50 mV/pH with a correlation of 0.94, shown 
in Table 5.5. The lower time period was insufficient due to impurities within the 
styrene, which evaporated off over time, and the longer time period possibly caused 
the removal of some FBRR salt from the modified surface. 
 
Table 5.5: pH responses of FBRR/SMCPEs stored for various time periods before calibration, n = 4. 
 Slope (mV/pH) SEM R2 n 
+2 Hours -28.3 2.2 0.1946 4 
+1 Day -50.0 3.5 0.9408 4 
+2 Days -38.3 4.6 0.9100 4 
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Figure 5.10:  pH sensitivities of FBRR/SMCPEs stored for up to 2 days before calibration, n = 4. 
 
The protocol for making FBRR/SMCPEs was: 
 Store CPEs in Sty overnight at 4°C 
 Repack the electrode surface with 20 µl Sty in 0.025 g carbon paste 
 Store SMCPEs overnight at 4°C 
 Electrodeposit 2 mM FBRR in 0.1 M H2SO4, by LSV x5, from 0.40 to -0.80 V 
vs. SCE at 100 mV/s. 
 Store FBRR/SMCPEs overnight at 4°C, before calibrating 
 
5.2.3 Biocompatibility 
Calibrated electrodes were stored in PBS solutions of Bovine Serum Albumen, BSA, 
1% (protein), Phosphatidylethanolamine, PEA, 1% (lipid), Triton® X 1% (surfactant) 
or homogenised brain tissue, for various time periods (1, 3, 7 and 28 days). As the 
modified electrodes were stored in aqueous solutions, they were first stored in PBS 
and H2O at 4°C for 3 days to examine any resulting effects. After storage the electrodes 
were rinsed and cycled in PBS pH 7.2 for 100 cycles, n = 4.  The results, showing the 
effect of storing FBRR/CPEs in PBS and H2O are indicated in Figure 5.11, 
demonstrate that although the currents increased due to wetting of the electrode2 
resulting in increased activity, all peaks were retained.   
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Figure 5.11: Effect of storing modified CPEs in PBS and H2O for 3 days. 
 
5.2.3.1 Bovine Serum Albumen (BSA) 
BSA is a protein, which is readily purified from bovine blood, and is often used to 
mimic protein concentrations in laboratory scenarios. A major problem of the practical 
application of the FBRR/CPE results from the adsorption of surface active molecules, 
present in proteins, onto the electrode surface. The tendency is to build up a layer 
inhibiting electron processes resulting in altered voltammograms.14 
The centre graph in Figure 5.12 shows typical calibration CVs for FBRR/CPEs at pH 
7.2, 7.4 and 7.6 with the post-storage CVs surrounding it.  After all days, 1-28, poorly 
defined, broad peaks were evident which appeared to shift with pH, in a non-Nernstian 
fashion, but at a more positive potential than the calibration peaks.  This suggested that 
the BSA modification made the oxidation of FBRR at the CPE interface less 
thermodynamically viable.15  These potential values are shown in Table 5.6.  The 
potential difference between 7.2 and 7.4 had an average value of 14 mV, n = 3, which 
would give a near Nernstian value of -70 mV/pH.  It was the final 100 cycles, therefore, 
that resulted in most fouling, the average potential difference between pH 7.4 and 7.6 
is 32.6 mV giving a sensitivity of over 160 mV/pH.  The values for 7 days were omitted 
as the peaks were too broad to give a good estimate of potential. It was also clear from 
Figure 5.12 that the currents attained increased with storage time.  There was an initial 
increase in currents after day 1, which appeared to reach a maximum after 7 days, and 
-0.8 -0.6 -0.4 -0.2 -0.0 0.2 0.4 0.6 0.8
-0.4
-0.2
0.0
0.2
No Storage
3 days PBS
3 days H2O
Potential / V vs. SCE
C
u
rr
e
n
t 
/

A
CPE: In-Vitro Characterisation of pH Sensor                                                Chapter 5        
 
184 
 
then remained stable.  This relationship was also confirmed by the Si % data, see 
Section 5.2.4.1, which demonstrated that after storage the Si % reduced initially and 
then remained relatively stable.  
Figure 5.12: CVs showing the effect of storing FBRR/H2SO4 modified CPEs in 1% BSA. 
 
Table 5.6:  Shift in peak potentials when storing FBRR/H2SO4 modified CPEs in 1% BSA. 
 pH 7.2 (mV) pH 7.4 (mV) pH 7.6 (mV) n 
Calibration -28 -38 -50 4 
+1 Day -2.0 -18 -52 4 
+3 Days -12 -22 -58 4 
+7 Days ----- ----- ----- 4 
+28 Days -1.0 -16 -44 4 
 
For comparison, calibrated FBRR/SMCPEs were stored in a 1% BSA solution at 4°C 
overnight, before being recalibrated.  The resulting CVs are shown in Figure 5.13, (A) 
pre-storage and (B) post-storage.   An increase in the capacitive current, approximately 
67%, was observed, (maximum Ip ca. 0.18 µA) but not quite as large an increase as 
reported in for FBRR/CPEs (maximum Ip ca. 0.30 µA). This implied that not as much 
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BSA had adsorbed onto the electrode surface, allowing more efficient electron transfer. 
There was a clear shift in the anodic peak to a more positive potential, from -0.050 V 
vs. SCE for FBRR/CPEs to -0.020 V vs. SCE for FBRR/SMCPEs.  This indicated that 
the Sty modification had made the oxidation of FBRR, at the electrode surface, less 
thermodynamically favourable, by increasing its required potential. It was also noted 
that the redox peak potentials did not shift with pH in a Nernstian fashion. 
FBRR/CPEs were stored in BSA for up to 28 days.  As no obvious improvement was 
made to the resulting CVs of FBRR/SMCPEs having been stored for 1 day in BSA, it 
could be postulated that the inclusion of Sty would not change 3, 7 and 28 day 
exposure, so no further investigations were carried out. 
 
Figure 5.13: (A) Calibration CVs for FBRR/SMCPEs before storage and (B) after storage in a 1% 
solution of BSA for 1 day, n = 4. 
The SEM micrographs in Figure 5.14 show FBRR/CPEs after storing in 1% BSA for 
1, 3, 7 and 28 days. After day 1 the electrode appeared reasonably intact, with many 
areas fairly smooth allowing consistent electron transfer. This was also reflected in the 
CVs in Figure 5.13 where the peaks were clearly visible and the currents were lower 
than any other days. Days 3 and 28 show overhead views of the electrode surfaces that 
had a more powder-like and less organised surface. The concave shape can be clearly 
seen.  The image for day 7 shows a side view of the electrode, where the edges have 
come away from the Teflon® support, increasing the surface area. 
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Figure 5.14: SEM micrographs of FBRR/CPEs stored in 1% BSA between 1 and 28 days.  
 
The EDX of the electrode surface, after 3 days storage in 1% BSA, Figure 5.15, shows 
evidence of silicone oil, although its quantity has been reduced when compared to the 
EDX of a freshly modified CPE (see Table 5.7).   
 
 
Figure 5.15: EDX of FBRR/CPEs stored in 1% BSA for 3 days.   
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Poor results were obtained when the FBRR/CPEs were stored in BSA (1%).  One of 
the main aims of developing this sensor was to monitor real-time pH changes.  This, 
ideally, would be carried out for a maximum period of 12-24 hours, and would involve 
the constant application of oxidation and reduction potentials. 
The differing CVs obtained when cycling and storing FBRR/CPEs in BSA are shown 
in Figure 5.16. The functionalised CPEs cycled in the BSA solution for 3.5 hours are 
shown in Figure 5.16 (A), with the anodic peaks alongside (A1). Figure (B) shows the 
electrodes after storage in the BSA solution for 3.5 hours with the corresponding 
anodic peaks in (B1).  Electrodes stored in BSA show similar results to those in Figure 
5.12, with a shift in the peak potential and a gradual broadening and height decrease 
in the peaks. This is indicative of the build-up of the protein on the electrode surface 
over time, resulting in a decrease in the electron transfer rate.  However, electrodes 
cycled in the BSA solution show far superior peak sharpness with an increase in peak 
height over time.  This clearly suggests that the constant application of an oxidation 
potential followed by a reduction potential does not allow the protein layer to build-up 
on the electrode surface. It is likely that trace amounts of BSA were present on the 
electrode surface enhancing the electron transfer.16  Alternatively, the BSA had 
removed the silicone oil from the CPE surface making it more powder-like, therefore 
increasing the electron transfer rate at the electrode/solution interface.2  
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Figure 5.16: CVs of FBRR/CPEs cycled (A) and stored (B) in 1% BSA/PBS for 3.5 hours with the 
corresponding anodic peaks in (A1) and (B1), n = 4. 
The FBRR/SMCPEs were similarly cycled in the BSA solution for 3.5 hours to 
examine if cycling the electrodes was less severe than storing them in the protein. The 
CVs, in Figure 5.17, show every 50th cycle, gave no apparent enhancement of the peak 
sharpness. 
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Figure 5.17: FBRR/SMCPEs cycled in a 1% BSA solution for 3.5 hours, n = 4. 
 
Figure 5.18 shows how the FBRR/CPEs behaved when cycled in a 1% BSA solution 
for 12 hours, a similar time span required for physiological monitoring of tissue pH.  
The anodic peak, highlighted in (A), was still observed and increased in sharpness with 
cycling, (B). This implied that there was no fouling of the electrode surface, only 
enhancement of electrode kinetics by the protein.  
 
Figure 5.18: CVs of FBRR/CPEs cycled in 1% BSA for 12 hours (A), with the corresponding anodic 
peaks (B), n = 4. 
 
5.2.3.2 Phosphatidylethanolamine (PEA) 
PEA is a phospholipid found in all living cells. It was utilised in this section to examine 
the behaviour of the FBRR/H2SO4 modified CPEs when exposed to lipids. 
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The centre graph in Figure 5.19 shows typical calibration CVs at pH 7.2, 7.4 and 7.6 
with the post-storage CVs, in PEA, surrounding it. Some broad peaks were visible at 
more positive potentials than the original calibration. It was noticeable that the currents 
increased the longer the electrodes had been stored in PEA. This was due to fouling of 
the electrode and the removal of silicon oil which is also shown in Section 5.2.4.1. 
 
Figure 5.19: CVs showing the effect of storing FBRR/H2SO4 modified CPEs in 1% PEA. 
FBRR/SMCPEs were stored in PEA solutions overnight for comparison. Graph (A) in 
Figure 5.20 shows typical calibration CVs at pH 7.2, 7.4 and 7.6 with the post-storage 
CVs in (B).  Some broad peaks were visible at more positive potentials than the original 
calibration, similar to FBRR/CPEs in PEA, showing the hindering of FBRR oxidation 
once the CPEs were modified with Sty.   
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Figure 5:20: (A) Calibration CVs for FBRR/SMCPEs before storage and (B) after storage in a 1% 
solution of PEA for 1 day, n = 4. 
 
FBRR/CPEs were stored in PEA for up to 28 days.  With the corresponding 
FBRR/SMCPEs, only a slight improvement was made to the resulting CVs having 
been stored for 1 day in PEA, but the peak potentials did not appear to give a Nernstian 
response to changes in pH, so no further investigations over longer time periods were 
carried out. 
SEM micrographs of modified CPEs stored in PEA for between 1 and 28 days are 
displayed in Figure 5.21. They demonstrate, clearly, that the silicone oil had been 
removed from the CPE leaving concave surfaces, this was especially noticeable from 
day 3. When the CVs in Figure 5.19 were directly compared to their corresponding 
image it shows that the higher currents (7 and 28 days) are obtained for CPEs that have 
a more concave surface, i.e., more silicone oil removed.  
The EDX of the electrode surface, after 3 days storage in 1% PEA, Figure 5.22, shows 
evidence of silicone oil, although its quantity has been reduced when compared to the 
EDX of a freshly modified CPE (see Table 5.7).  The currents obtained for the modified 
electrodes, stored in PEA, agree with the % Si quantitative analysis, showing an initial 
drop in % Si after day 1, leading to a gradual increase in currents for days 3 and 7, 
which further increase to a maximum level after day 28. 
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Figure 5.21: SEM micrographs of FBRR/CPEs stored in 1% PEA for between 1 and 28 days.  
 
 
 
Figure 5.22: EDX of FBRR/CPEs stored in 1% PEA for 3 days.   
 
The application of this pH sensor was to monitor real-time pH changes in living tissue, 
so in reality the modified electrodes would never be stored in lipids.  To mimic the in-
vivo application of the FBRR/CPE required continuous cycling in the lipid solution.  
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The resulting CVs, shown in Figure 5.23, were compared. Figure 5.23(A) shows the 
electrodes cycled in PEA, every 50th cycle is shown, with the corresponding anodic 
peaks in (A1). The anodic peaks (highlighted) are clear and improve with time, 
indicating that the PEA had not fouled the electrode, conversely, it had enhanced the 
electron transfer kinetics.  This was similar to BSA in Section 5.2.3.1. The application 
of oxidation and reduction potentials allowed trace amounts of PEA to adsorb onto, 
and desorb from the electrode surface, preventing any build-up of the lipid layer. 
Figure 5.23(B) shows the CVs of electrodes that were stored in the PEA solution for 
3.5 hours, with the anodic peaks in (B1). These are very similar to those in Figure 5.19, 
with broad peaks, resulting from a build-up of lipid on the electrode surface, effectively 
blocking the electron transfer between the solution and the electrode surface.  
 
 
Figure 5.23: CVs of FBRR/CPEs cycled (A) and stored (B) in 1% PEA for 3.5 hours with the 
corresponding anodic peaks in (A1) and (B1), n = 4. 
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Similarly, FBRR/SMCPEs were cycled in the PEA solution for 3.5 hours. The 
resulting CVs, every 50th cycle, are shown in Figure 5.24. The anodic peaks remained 
broad, showing no improvement over storing the FBRR/SMCPEs in PEA. This may 
be because the Sty limited the oil loss during storage to levels found when cycling 
electrodes in PEA.  
 
 
Figure 5.24: FBRR/SMCPEs cycled in a 1% PEA solution for 3.5 hours, n = 4. 
 
To further test the effect of lipids on modified CPEs, they were cycled in the PEA 
solution for 12 hours, corresponding to the time period that would be required for 
physiological monitoring of tissue pH. The resulting CVs can be seen in Figure 5.25, 
showing every 200th cycle. The anodic peaks of interest were still visible, while the 
peak height appeared to slightly increase with time. A second oxidation peak appeared 
from cycle 1200, this resulted from O2 entering the system. The N2 flow was reduced 
as it caused the PEA solution to foam, wetting the electrode contacts, so the solution 
was no longer N2 saturated. 
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Figure 5.25: CVs of FBRR/CPEs cycled in 1% PEA for 12 hours (A), with the corresponding anodic 
peaks (B), n = 4. 
 
5.2.3.3 Triton® X  
Triton®X is a non-ionic surfactant17 that has a hydrophilic polyethylene oxide chain 
and an aromatic hydrocarbon lipophilic or hydrophobic group. Moieties containing 
hydrophilic heads and hydrophobic tails can form lipid bilayers, which make up the 
cell walls surrounding almost all living organisms, confirming the choice of Triton®X 
for the biocompatibility studies. CPEs functionalised with low concentrations of 
Triton®X have been shown to improve their electrochemical activity16-18 by forming a 
monolayer16 of surfactant on the electrode surface, but higher concentrations result in 
fouling of the substrate.14  
CPEs were modified with FBRR and calibrated for pH response. They were then stored 
in Triton® X, 1%, at 4°C for 1, 3, 7 and 28 days.  Calibration gave the expected anodic 
peaks with a pH response of approximately -58 mV/pH unit. On recycling the 
electrodes it was found that the currents had increased approximately 10 fold. These 
large currents, caused by surface fouling, masked the FBRR peaks and they were no 
longer visible in the CVs as shown in Figure 5.26.  In contrast to electrodes stored in 
BSA and PEA, Sections 5.2.3.1-2, where the currents increased with time of storage, 
the currents for Triton® X stored electrodes reached a maximum level after day 1, 
remaining constant thereafter. This implied that Triton® X was the harshest treatment 
that the electrodes were subjected to, removing the silicone oil from the CPE 
immediately.  
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Figure 5.26: CVs showing the effect of storing FBRR/H2SO4 modified CPEs in 1% Triton®X. 
 
The Triton® X had removed some of the silicone oil leaving a concave surface on the 
electrode. This resulted in an increased surface area which in turn led to higher 
currents.  Also, the removal of oil left a higher carbon: oil ratio at the electrode/solution 
interface.  As the silicone oil is non-conducting the increased carbon: oil ratio resulted 
in the higher currents achieved.  The SEM micrographs in Figure 5.27 show how the 
removal of oil has caused an increase in the surface area of the electrode from day 1.  
The reduction in silicone oil content of Triton® X modified CPEs will be discussed in 
Section 5.2.4.1. 
The organic FBRR would dissolve in the organic silicone oil, therefore, as the oil was 
extracted from the electrode surface, some FBRR was taken with it.  This is evident 
from the CVs.  The removal of oil alone would result in increased capacitance 
throughout the CV, with the redox peaks remaining.  As the peaks have almost 
disappeared, it is an indication that the FBRR has also been removed.  
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Figure 5.27: SEM micrographs of FBRR/CPEs stored in 1% Triton®X for up to 28 days.  
 
An EDX of the surface, after 7 days storage in 1% Triton® X, (see Figure 5.28) still 
shows evidence of silicone oil but this is quantitatively reduced when compared to an 
EDX of a freshly modified CPE (see Table 5.7).  The currents obtained for the Triton® 
X modified electrodes would appear to agree with the % Si quantitative analysis, 
explored in Section 5.2.4.1 of this chapter, showing an initial drop in % Si after day 1, 
leading to increased currents that further increase to a maximum level after day 3. 
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Figure 5.28 EDX of FBRR/CPEs stored in 1% Triton®X for 7 days.   
  
5.2.3.4 Brain Tissue 
Sections 5.2.3.1-3 discussed the effect of proteins, lipids and surfactants on 
FBRR/H2SO4 modified electrodes.  While these were valid tests to carry out 
individually, true physiological conditions could only be mimicked by testing the pH 
sensor in a matrix of all three components.  Hence, samples of ex-vivo brain tissue, 
harvested from euthanised Wistar rats used within the research group, were employed 
as a test model.  The biocompatibility studies followed a progression from laboratory 
prepared solutions of BSA, PEA and Triton®X to an ex-vivo system. As brain tissue 
was readily available to the researcher it was deemed a suitable progression step to 
avail of.  It was noted by the researcher that brain tissue and muscle tissue differ in 
their composition, see Table 5.7.19 The water content is almost the same and would 
therefore have very little effect on the resultant CVs. Brain tissue contains substantially 
more lipid than skeletal muscle tissue, thereby justifying the use of brain tissue as a 
possible extreme value for the biocompatibility studies carried out in Chapters 5 and 6 
of this thesis. The protein content of brain tissue is substantially lower than that of 
skeletal muscle tissue used in the in-vivo application in Chapter 7, however, the fact 
that ex-vivo brain tissue showed lower oxidation peaks than the eventual in-vivo muscle 
tissue, (see Section 7.2.2), meaning it was a harsher environment, the use of brain 
tissue was justified as an eligible medium in which to carry out testing.  
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Table 5.7: Comparison of skeletal muscle and whole brain tissue components.19 
 Skeletal Muscle % Whole Brain % 
Water 75 77-78 
Lipids 5 10-12 
Protein 18-20 8 
 
The centre graph in Figure 5.29 shows typical calibration CVs at pH 7.2, 7.4 and 7.6 
with the post-storage CVs surrounding it. Similar to 1% BSA, PEA and Triton® X after 
all days, broad peaks were evident which appeared to shift with pH (non-Nernstian) 
but at a more positive potential, ca. 30 mV vs. SCE, than the calibration peaks. The 
currents increased with time, slightly more than electrodes stored in BSA, (Section 
5.2.3.1), but not as much as electrodes stored in PEA or Triton® X (Sections 5.2.3.2-
3) 
 
Figure 5.29: CVs showing the effect of storing FBRR/CPEs in homogenised brain tissue, n = 4. 
 
The SEM micrographs in Figure 5.30 show how storing the modified CPEs in 
homogenised brain tissue affected the surface morphology. After day 1 the electrode 
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appeared intact, thereafter, the surface became concave, indicating the loss of silicone 
oil.  After 28 days stored in brain tissue, the electrode appeared totally dried out and 
had pulled away from the Teflon® support, leaving a more powdered electrode.  There 
was evidence of brain tissue remaining on the paste and Teflon® surfaces, although the 
electrodes were thoroughly rinsed prior to imaging.  It was possible that removing the 
electrode from the homogenised solution may have removed some paste from the 
electrode surface.   
The EDX of the electrode surface, after 7 days storage in brain tissue, Figure 5.31, still 
shows evidence of silicone oil, but this quantity has been reduced when compared to 
the EDX of a freshly modified CPE (see Table 5.7).   
 
 
Figure 5.30: SEM micrographs of FBRR/CPEs stored in homogenised brain tissue for up to 28 days. 
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Figure 5.31: EDX of FBRR/CPEs stored in homogenised brain tissue for 7 days.   
 
5.2.4 Silicone Oil Content of CPEs and SMCPEs 
As CPEs are composed from a mixture of electrically conducting graphite and non-
conducting silicone oil, creating a homogeneous paste, their electrochemical properties 
vary greatly with the ratio of each component contained within.20, 21 Many studies have 
confirmed that some of the binding fluid is removed when CPEs come into contact 
with proteins and lipids.1, 22 This could make the use of CPEs problematic for in-vivo 
applications. In an attempt to reduce the silicone oil losses from CPEs SMCPEs were 
produced. This section discusses the silicone oil content of FBRR/CPEs and 
FBRR/SMCPEs. 
 
5.2.4.1  Effect of Physiological Molecules on Oil Content 
It was noted in Section 5.2.3 that the morphology of the modified carbon paste 
electrodes changed once they had been subjected to the various treatments, (BSA, 
PEA, Triton® X and brain tissue), over a range of time.  An EDX study was carried out 
on all CPEs that had been exposed to the substances and the % silicone oil was 
analysed. The percentages shown are relative to each other for each sample, this is why 
it is possible for the percentage of carbon to increase.  Day 0 represents freshly 
modified CPEs which were not stored under any of the aforementioned conditions. All 
samples used for EDX purposes were modified and stored as required, they were not 
cycled in PBS at any stage.  The % of silicone oil in freshly prepared CPEs was found 
to be just under 15%.  This figure is variable depending on the preparation method21 
used to make the paste and the age of the paste.20  The initial content of silicone oil 
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drops off substantially after day 1 for all treatments, with all treatments giving 
significant differences except brain tissue. (PTX = 0.0104, PBSA = 0.0030, PPEA = 
0.0041 and PBT = 0.0634).  After 3 days of treatment all silicone oil percentages had 
significantly dropped (PTX = 0.0034, PBSA = 0.0024, PPEA = 0.0026 and PBT = 0.0038).  
This can be seen in Figure 5.32 with the corresponding values for % Si (n = 6) in Table 
5.8. The results correspond with the findings in Section 5.2.3 which found that Triton® 
X was the most severe treatment applied to the electrode, removing almost all traces 
of silicone oil from the electrode surface.  After day 1, which would correspond to the 
length of time for physiological recording of pH, brain tissue was found to retain the 
most silicone oil, (as it did across all days) dropping from 14.50% to 6.41% and not 
dropping below 2.30% after 28 days.  In comparison, the Triton® X content dropped 
below 1% after 7 days (see Section 5.2.3.3), whereas BSA remained relatively +stable 
from day 3, having initially dropped (see Section 5.2.3.1).  
 
Table 5.8: Quantitative analysis of the Si% contained in Triton®X, PEA, BSA and brain tissue modified 
electrodes, n = 6. 
Day Tx% SEM BT% SEM BSA% SEM PEA% SEM 
0 14.50 3.63 14.50 3.63 14.50 3.63 14.50 3.63 
1 4.16 0.64 6.41 2.10 2.75 0.25 3.17 0.26 
3 2.58 0.13 3.09 0.15 2.36 0.46 2.57 0.21 
7 0.11 0.03 2.97 0.51 2.28 0.25 2.55 0.19 
28 0.01 0.00 2.33 0.21 1.96 0.36 1.93 0.31 
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Figure 5.32: Bar chart showing the Si% contained in Triton®X, PEA, BSA and brain tissue modified 
FBRR/CPEs, n = 6. 
 
5.2.4.2  Silicone Oil Content During FBRR/CPE Preparation 
If the silicone oil content reduced so drastically when in contact with proteins and 
lipids, surely cycling the electrodes in all media must have an effect on the surface.  
This was studied by examining the oil content at all stages of preparation of 
FBRR/H2SO4 modified CPEs. The different oil contents resulting from storing and 
cycling modified CPEs in BSA/PEA was also investigated with the findings presented 
in Figure 5:33. 
EDX analyses were carried out on CPEs to determine the % silicone oil present at 
various stages during production and after cycling/storage in PEA or BSA. A bare CPE 
contained about 4%* silicone oil, which dropped to about 3.2% on cycling in PBS 
(x100) or deposition of FBRR, showing significant differences (P = 0.0012 and 
0.0013, respectively).  This was expected as some silicone oil leeches out with cycling 
and when depositing FBRR a percentage of the overall make-up of the surface was 
now assigned to the constituents of the FBRR.  Storing in both BSA and PEA, 1%, for 
3.5 hours resulted in a substantial drop in Si % to 1.7 and 1.8%, respectively.  When 
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the FBRR/CPEs were cycled in the same solutions of BSA and PEA the silicone oil 
loss was reduced to 3.6 and 2.9%, respectively, indicating that storage resulted in a 
greater loss of oil than cycling.  
*This was far lower than the previous Si % of 14.5% for a bare CPE. This was because 
different batches of carbon paste were used (see Section 5.2.6). 
 
 
Figure 5.33: Bar chart showing the statistics for silicone oil content during the stages of manufacturing 
FBRR/CPEs and a comparison of the oil content when cycling or storing modified CPEs in BSA and 
PEA solutions.  
 
The differences in oil content between storing and cycling the electrodes in the 
treatments were significant, (PBSA = 0.0001 and PPEA = 0.0007).   This agreed with the 
findings of Sections 5.2.3.1-2. The increased currents suggested fouling of the 
electrode surface.  The constant application of oxidation and reduction potentials while 
cycling in the BSA/PEA appears to reduce the amount of electrode fouling hence 
maintaining a more consistent silicone oil content.  
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5.2.4.3  Silicone Oil Content of SMCPEs 
Section 5.2.4.1-2 reviewed the silicone oil content of FBRR/CPEs, concluding that 
there was a substantial drop in the oil percentage of electrodes after contact with 
proteins, lipids, surfactants and brain tissue. The percentage losses after 28 days 
storage in the media solutions were calculated as BSA: -86%; PEA: - 87% and brain 
tissue: - 84%.  It was also found that a loss of ca. 20% resulted from cycling bare CPEs 
in PBS for 100 cycles and a further loss of < 1% occurred after the electrodeposition 
of FBRR. 
Figure 5.34 shows a bar chart representing the silicone oil content of FBRR/SMCPEs 
at various stages throughout preparation of the sensor.  It also includes the oil content 
of the modified electrodes having been stored in solutions of BSA, PEA and brain 
tissue. During preparation the oil percentage dropped from just below 4% to ca. 0.4%, 
an overall drop of -90%, after the CPE was stored in Sty. This recovered by +60% 
(from 0.4% to 1%) once the electrode was repacked and dried overnight. Similar to 
CPEs, SMCPEs showed little or no decrease in their oil content after electrodeposition 
of FBRR. All the results gave significant differences in oil content, with all P-values 
< 0.0001. 
Once FBRR was deposited on FBRR/CPEs, they suffered oil losses of -82.5% (BSA), 
-83% (PEA) and -80% (brain tissue) after storage for 28 days in the media. 
FBRR/SMCPEs lost -48%, -51% and -38% after 28 days storage in BSA, PEA and 
brain tissue, respectively.  These findings were somewhat disputed by the SEM 
micrographs in Figure 5.35, which show the concave surfaces resulting from storing 
sensors in brain tissue and PEA. Sensors stored in BSA for a period of 28 days 
appeared intact, but some paste had been pulled clear of the Teflon® support.  The 
results suggest that modifying the CPEs with Sty reduced oil losses, by approximately 
50%, when in contact with biological media. This however, was not sufficient to 
prevent the loss of FBRR from the surface, which was withdrawn along with the 
silicone oil. As brain tissue was the most physiologically relevant test medium used, 
the results obtained in this section could be an indication of how the sensor would 
behave in-vivo. 
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Figure 5.34: Bar chart representing the silicone oil content during preparation of SMCPEs and after 
storage in BSA, PEA and brain tissue for 28 days. 
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Figure 5.35: SEM micrographs of SMCPEs during preparation and after storage in BSA, PEA and brain 
tissue for 28 days. 
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5.2.5 Real-Time pH Recording 
Real-time pH studies were carried out on FBRR/SMCPEs. The electrodes were 
allowed to dry overnight at 4°C before being cycled in N2 saturated PBS. The pH of 
the solution was altered, between 7.2 and 7.6, by an infusion pump with a constant 
flow rate, using 0.5 M NaOH or 0.5 M NaH2PO4, while being monitored by a 
commercial pH meter.  The results, in Figure 5.36(A), gave a pH response of 59.6 ± 
0.8 mV/pH unit, R2 = 0.99, n = 4. 
When compared to the FBRR/SMCPEs that were pH tested by cycling the electrodes 
in different pH of PBS (i.e., the electrodes were exposed to air between cycling), the 
controlled flow method of pH change gave much improved results (-60 mV/pH).  This 
indicated that exposing the electrode to air caused changes to the surface, therefore 
electrodes took longer to reach steady state.  
Figure 5.36(B) shows the comparative results obtained when FBRR/CPEs (Sty 
unmodified) were exposed to similar controlled flow pH changes. A comparable 
sensitivity of -56 ± 1 mV/pH (R2 > 0.95, n = 4) was achieved, but the inter-electrode 
variability was reduced as shown by the smaller error bars.  
 
 
Figure 5.36: (A) Real-time pH response of FBRR/ SMCPEs and (B) FBRR/CPEs, n = 4. 
 
5.2.6 Carbon Paste Samples 
The freshly prepared bare CPE samples examined in Section 5.2.4.1 had an average 
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age of the paste has an effect on its electrochemical properties20, 23 but the samples 
used were the same age at their time of testing. They were also prepared using the same 
carbon: silicone oil ratio of 0.71g: 250µl.  Any differences, therefore, could only be 
due to the mixing techniques employed.  To investigate the effect of mixing technique 
on the resulting sample, several different batches of carbon paste, some older than 
others, prepared by other researchers in the group, were examined under EDX and the 
% silicone oil was estimated. All the micrographs in Figure 5.37 have an identical 
scale. The silicone oil content and date of manufacture of each sample are displayed 
in Table 5.9. 
Samples 2 and 5 (made by different researchers) were of similar age when tested. There 
were clear differences in the SEM micrographs, sample 5 being finer, more powder 
like, therefore it displayed a lower silicone oil content. Similarly, samples 1 and 4 were 
also of a similar age, made by different researchers. They have a totally different oil 
content even though they both appear similar. These have a much higher oil content 
than the powdered samples 3 and 5, made by the same researcher, which have a similar 
oil content even though there is an age difference of 11 months. These results confirm 
that the variability in each carbon paste sample is mainly due to the technique 
employed during preparation by individuals.  
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Figure 5.37: SEM micrographs of carbon paste prepared by different group members. 
 
Table 5.9: Silicone oil content of carbon paste samples of varying age, made by different group 
members. 
 
The carbon paste samples were then cycled in PBS (pH 7.4) for 100 cycles to ascertain 
whether the obtained currents mirrored the silicone oil content of the electrodes. The 
higher the silicone content the lower the currents generated, as the silicone oil is non-
conducting.  As the CV plot in Figure 5.38 shows, the paste with the highest silicone 
% (sample 4: 10/14) results in the lowest currents, whereas the paste with the lowest 
silicone % gives the highest currents. Sample 5 was noted as being almost 6 months 
old resulting in the low quantity of oil.  This caused the electrode to behave similar to 
Sample & Date Researcher % Si SEM 
1. 11/2014 1 8.031 1.408 
2. 02/2015 2 8.497 0.833 
3. 02/2014 3 3.810 0.518 
4. 10/2014 3 17.069 1.629 
5. 01/2015 3 3.450 0.204 
1 mm 
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a carbon electrode and, as such, can have various peaks evident in CV. These peaks 
were discussed in Chapter 4, Section 4.2.1.  In the graph below these peaks are visible 
in samples 2, 3 and 5. 
 
 
Figure 5.38: CVs of carbon paste samples with varying age, oil content and producers.  
 
These quinone like peaks visible at approximately -0.03V vs. SCE seem to appear on 
carbon paste that has a lower silicone oil content making them more like carbon 
electrodes that have exposed carbon edge-plane sites.  Literature shows that carbon 
edge-plane sites can have many functional groups on their surfaces including 
quinones.24-26  It must be noted that even on the same sample of carbon paste these 
peaks were not always visible or they may appear very broad which would make it 
difficult to extrapolate a definite peak potential for analysis purposes. 
 
 
5.2.7 Physiological Interferences 
The in-vivo environment is loaded with endogenous electroactive species that could 
interfere with the oxidation of FBRR at CPEs. The FBRR/CPEs were cycled in 
solutions containing physiologically relevant concentrations of these substances in 
order to mimic the in-vivo environment.  
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5.2.7.1 Ascorbic Acid (AA) 
AA, also known as vitamin C is present in many biological systems.27 Its main use is 
as an antioxidant.28  The irreversible oxidation of AA at a CPE occurs at approximately 
0.20 V vs. SCE27, 29 and results in a broad peak indicative of slow electron transfer 
rates due to fouling of the electrode surface30 by the oxidation product of AA, 
dehydroascorbic acid.31  Blood concentrations of AA are variable, depending on 
dietary intake, ranging from 200 to 800 µM,32 whereas brain ECF concentrations can 
vary between 100 and 500 µM.33 
 
 
Figure 5.39: CVs showing the effect of 50 µM and 1.0 mM AA on the redox peaks of FBRR/CPEs, n 
= 4. 
 
Figure 5.39 shows the CVs obtained when cycling bare and modified CPEs in AA.  
The broad oxidation peak of AA was evident at 0.25 V vs. SCE on the bare electrode. 
This broad wave was also evident, but to a lesser extent, at the FBRR modified 
electrodes cycled in PBS/AA (500 µM and 1.0 mM).  However, the currents increased 
with increasing concentration. The quinone oxidation peak, resulting from FBRR, was 
slightly shifted when the modified electrode was cycled in AA, from  -0.016 V vs. SCE 
in PBS to a potential of -0.020 V vs. SCE in PBS/AA (1.0 mM). The mean peak 
potentials of the FBRR/PBS and FBRR/PBS/AA (1.0 mM) anodic peaks were tested 
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using unpaired t-tests leading to non-significant differences between the means with a 
P-value of 0.5006, shown in Table 5.10. 
However, the pH of the PBS/AA (1.0 mM) solution was recorded at 7.31. When this 
pH difference was taken into account the mean peak potential shifted to -0.014 V vs. 
SCE. Repeating the t-test yielded an improved P-value of 0.8637. 
 
Table 5.10: Statistical analyses of the anodic peak potentials of FBRR/CPEs cycled in PBS and 
PBS/AA (50 µM and 1.0 mM), n = 4. 
Mean Peak 
Potential 
FBRR (V) 
Mean Peak 
Potential 
FBRR/AA (V) 
P-value       
Mean Peak Potential 
FBRR/AA pH 
adjusted (V) 
P-value          
-0.0155 ± 0.0033 -0.0195 ± 0.0045 0.5006 -0.0142 ± 0.0045 0.8637 
 
 
5.2.7.2 Uric Acid (UA) 
UA is an important potential interferent in sensors utilised for in-vivo experiments in 
the brain and peripheral regions of the body.34  UA is present in the blood as an 
antioxidant and is the final metabolite of purine.35  Blood plasma levels are reported to 
be up to 0.50 mM,32 with brain ECF levels reported up to 50µM.33  The reversible 
oxidation of UA at a bare CPE is found at approximately 0.30 V vs. SCE.27, 30  
Figure 5.40 shows the CVs obtained when cycling bare and modified CPEs in UA. The 
oxidation peak of UA was clearly visible at 0.28 V vs. SCE on the bare electrode. This 
peak was maintained at the same position on the FBRR modified electrodes.  The 
quinone oxidation peak, resulting from FBRR, was slightly shifted by the UA peak, 
from -0.027 V vs. SCE in PBS to -0.028 V vs. SCE in PBS/UA. The mean peak 
potentials of the FBRR/PBS and FBRR/PBS/UA (100 µM) anodic peaks were tested 
using unpaired t-tests leading to non-significant differences between the means with a 
P-value of 0.9158, shown in Table 5.11.  The pH of the PBS/UA (100 µM) solution 
was recorded at 7.39 so this would have very little effect on the position of the anodic 
peaks of FBRR. 
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Figure 5.40: CVs showing the effect of 100 µM and 5 mM UA on the redox peaks of FBRR/CPEs, n = 
4. 
 
Table 5.11: Statistical analyses of the anodic peak potentials of FBRR/CPEs cycled in PBS and 
PBS/UA (100 µM and 5 mM), n = 4.    
Mean Peak Potential 
FBRR (V) 
Mean Peak Potential 
FBRR/UA (V) 
P-value       
-0.0270 ± 0.0021 -0.0275 ± 0.0040 0.9158 
 
5.2.7.3 Dopamine (DA) 
DA is a crucial catecholamine neurotransmitter7, 19, 25 of the central nervous system. 
Mammalian concentrations of DA are low, 0.02-0.05 µM, and as such are difficult to 
determine.2, 22, 33 Anodic peak potentials of DA at a bare CPE are varied in literature, 
0.1820, 0.2217 and up to 0.44 V vs. SCE25, mainly resulting from the differences 
between carbon paste samples. 
The CVs of the bare CPE in PBS, FBRR/CPE in PBS, bare CPE in PBS/ DA and 
FBRR/CPE in PBS/ DA are shown in Figure 5.41.  The oxidation peak for DA at the 
bare CPE was not observed. There was no evidence of any DA oxidation at the 
FBRR/modified CPE.  The currents obtained for the modified CPE cycled in DA were 
slightly reduced when compared to those for the FBRR/CPE in PBS.  This was 
indicative of electrode fouling by the oxidation product of DA.14, 35 However, as there 
was no evidence of DA oxidation, this potential shift probably resulted from the 
solution pH change rather than electrode fouling. The anodic peak of FBRR/H2SO4 in 
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PBS was located at -0.024 V vs. SCE and shifted to a more negative potential of -0.027 
V vs. SCE when the DA was added to the PBS solution. The mean peak potentials of 
the FBRR anodic peaks were tested using unpaired t-tests leading to a non-significant 
difference between the means with a P-value of 0.3053, shown in Table 5.12. 
 
 
Figure 5.41: CVs showing the effect of 0.1 µM DA on the redox peaks of FBRR/CPEs, n = 4. 
 
However, the pH of the PBS/DA solution was recorded at 7.35. When this pH 
difference was taken into account the mean peak potential shifted to -0.024 V vs. SCE. 
Repeating the t-test yielded an improved P-value of 1.00.  
 
Table 5.12: Statistical analyses of the anodic peak potentials of FBRR/CPEs cycled in PBS and 
PBS/DA (0.1 µM), n = 4. 
Mean Peak 
Potential 
FBRR (V) 
Mean Peak 
Potential 
FBRR/DA (V) 
P-value       
Mean Peak Potential 
FBRR/DA pH 
adjusted (V) 
P-value          
-0.0235±0.0025 -0.0265±0.0010 0.3053 -0.0235±0.0010 1.0000 
 
 
5.2.7.4 L-Cysteine 
L-Cysteine is a non-essential amino acid36 that is present in blood at concentrations 
between 3-15 µM.32  At a CPE the oxidation generally yields a poorly defined peak at 
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approximately 0.50 V vs. SCE.37  The CVs of bare CPEs in PBS, FBRR/CPEs in PBS, 
bare CPEs in PBS/ L-Cysteine and FBRR/CPEs in PBS/ L-Cysteine are shown in 
Figure 5.42.  The oxidation peak for L-Cysteine at the bare CPE was not observed. 
There was no evidence of any L-Cysteine oxidation at the FBRR/modified CPE. The 
anodic peak of FBRR/H2SO4 in PBS was located at -0.023 V vs. SCE and shifted to a 
more negative potential of -0.032 V vs. SCE when the L-Cysteine was added to the 
PBS solution. The mean peak potentials of the FBRR anodic peaks were tested using 
unpaired t-tests leading to a significant difference between the means, with a P-value 
of 0.0161, shown in Table 5.13. 
 
 
Figure 5.42: CVs showing the effect of 100 µM L-Cysteine on the redox peaks of FBRR/CPEs, n = 4. 
 
However, the pH of the PBS/L-Cysteine solution was recorded at 7.34. When this pH 
difference was taken into account the mean peak potential shifted to -0.028 V vs. SCE. 
Repeating the t-test yielded an improved P-value of 0.0992, indicating no significant 
difference with the addition of L-Cysteine. 
Table 5.13: Statistical analyses of the anodic peak potentials of FBRR/CPEs cycled in PBS and PBS/ 
L-Cysteine (100 µM), n = 4. 
Mean Peak 
Potential 
FBRR (V) 
Mean Peak 
Potential 
FBRR/L-Cys (V) 
P-value       
Mean Peak Potential 
FBRR/L-Cys pH 
adjusted (V) 
P-value          
-0.0230±0.0019 -0.0315±0.0017 0.0161 -0.0280±0.0017 0.0992 
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5.2.7.5 L-Tyrosine 
Tyrosine, 4-hydroxyphenylalanine, is an aromatic amino acid38 that is a precursor for 
adrenaline, dopamine and melanine.39   Normal blood concentrations have been 
documented as 100 µM.40  The electrochemical oxidation of tyrosine occurs at its 
hydroxyl groups and involves the transfer of 2H+/2e- resulting in the formation of 
quinone-like products.41  Experiments were carried out to investigate whether the 
oxidation products of tyrosine could influence the FBRR anodic peak.  The resulting 
CVs are shown in Figure 5.43.  No anodic peak was observed at the bare CPE as this 
would generally be found slightly above 1000 mV vs. SCE at a CPE.42 There was also 
no evidence of the oxidation products of L-Tyrosine at the bare CPE.  However, when 
the FBRR/CPE was cycled in PBS/L-Tyrosine, a broad peak at approximately 0.30 V 
vs. SCE was evident, that had not been observed when cycling in PBS alone. The 
FBRR anodic peaks underwent a slight shift in potential between cycling in PBS and 
PBS/L-Tyrosine, from -0.022 to -0.024 V vs. SCE, see Table 5.14. The mean peak 
potentials of the FBRR peaks (in PBS and PBS/L-Tyrosine) were tested using unpaired 
t-tests leading to a non-significant difference between the means with a P-value of 
0.4128, shown in Table 5.14.   
 
CPE: In-Vitro Characterisation of pH Sensor                                                Chapter 5        
 
218 
 
 
 
Figure 5.43: CVs showing the effect of 200 µM L-Tyrosine on the redox peaks of FBRR/CPEs, n = 4. 
 
However, the pH of the PBS/L-Tyrosine solution was recorded at 7.38. When this pH 
difference was taken into account the mean peak potential shifted to -0.022 V vs. SCE. 
Repeating the t-test yielded an improved P-value of 0.7306. 
 
Table 5.14: Statistical analyses of the anodic peak potentials of FBRR/CPEs cycled in PBS and PBS/ 
L-Tyrosine (200 µM), n = 4. 
Mean Peak 
Potential 
FBRR (V) 
Mean Peak 
Potential 
FBRR/L-Tyr (V)  
P-value       
Mean Peak Potential 
FBRR/L-Tyr pH 
adjusted (V) 
P-value          
-0.0215±0.0013 -0.0235±0.0019 0.4128 -0.0223±0.0019 0.7306 
 
 
5.2.7.6 Serotonin (5-HT) 
5-HT, 5-hydroxytryptamine, is produced from the amino acid tryptophan in the human 
body where it acts as a neurotransmitter.43  Predicted brain ECF concentrations, for 5-
HT, are extremely low, up to 10 nM,33 however,  almost all serotonin is located in the 
gastro-intestinal tract, where it is used to regulate intestinal movements.  The anodic 
peak of 5-HT is generally located close to 0.35 V vs. SCE.44, 45   Figure 5.44 shows the 
CVs obtained when cycling bare and modified CPEs in 5-HT. The 5-HT anodic peak 
was observed at 0.36 V vs. SCE at the bare CPE. This peak was retained at a similar 
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potential for the FBRR/CPE. The anodic peak for FBRR/PBS was apparent at -0.030 
V vs. SCE.  This was retained when both 1 and 10 µM concentrations of 5-HT were 
added to the PBS, although the peak became broader with increased concentration 
indicating slower electron kinetics due to fouling of the electrode surface by the 5-HT 
oxidation product.44 A metabolite of 5-HT, 5-HIAA, could cause this broadening of 
the anodic peak, although the concentrations examined in this section far exceed any 
possible biological levels. The effects of 5-HIAA will be examined separately in 
Section 5.44.   
There was a slight shift in the anodic peak potential for the FBRR/CPEs when 1 µM 
5-HT was added, to approximately -0.031 V vs. SCE.  When 10 µM 5-HT was added 
the peak potential shifted to approximately 0.010 V vs. SCE. The mean peak potentials 
of the FBRR peaks (in PBS and PBS/1 µM 5-HT) were tested using unpaired t-tests 
leading to a non-significant difference between the means with a P-value of 0.6202, 
shown in Table 5.15.  The pH of the PBS and PBS/1 µM 5-HT solutions were both 
7.40. 
 
Figure 5.44: CVs showing the effect of 1.0 and 10 µM 5-HT on the redox peaks of FBRR/CPEs, n = 4. 
 
Table 5.15: Statistical analyses of the anodic peak potentials of FBRR/CPEs cycled in PBS and PBS/ 
5-HT (1.0 µM), n = 4. 
Mean Peak Potential 
FBRR (V) 
Mean Peak Potential 
FBRR/5-HT (V) 
P-value       
-0.0300 ± 0.0014 -0.0310 ± 0.0013 0.6202 
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5.2.7.7 L-Glutathione 
L-Glutathione is an antioxidant31 which plays an important role in the scavenging of 
physiologically generated free radicals.46  The normal blood concentration of L-
Glutathione is in the millimolar range while that of plasma is in the micromolar 
range.46 The irreversible oxidation of L-Glutathione at a CPE generally occurs at 1.05 
V vs. SCE,46 well removed from the FBRR/H2SO4 anodic peak and so would not be 
expected to interfere with the FBRR peak of interest.  However, the oxidation of L-
Glutathione at a FBRR/CPE was thought to be undocumented, so it was examined here 
to eliminate the possibility of the FBRR modification facilitating the oxidation of the 
L-Glutathione bringing it to a lower peak potential.  
The CVs of the bare CPE in PBS, FBRR/CPE in PBS, bare CPE in PBS/ L-Glutathione 
and FBRR/CPE in PBS/ L-Glutathione are shown in Figure 5.45.  The oxidation peak 
for L-Glutathione at the bare CPE was, as expected, outside the range of the CV. There 
was no evidence of any L-Glutathione oxidation at the FBRR/modified CPE. The 
anodic peak of FBRR/H2SO4 in PBS was located at -0.034 V vs. SCE and shifted to a 
more negative potential of -0.036 V vs. SCE when the L-Glutathione was added to the 
PBS solution. The mean peak potentials of the FBRR anodic peaks were tested using 
unpaired t-tests leading to a non-significant difference between the means with a P-
value of 0.2347, shown in Table 5.16. 
 
Figure 5.45: CVs showing the effect of 100 µM L-Glutathione on the redox peaks of FBRR/CPEs, n = 
4. 
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As the pH of the PBS/ L-Glutathione solution was recorded at 7.36, this caused a shift 
of potential for the redox peaks of FBRR.  When this pH difference was taken into 
account the mean peak potential was adjusted to -0.034 V vs. SCE. Repeating the t-
test gave an improved P-value of 0.9596.    
 
Table 5.16: Statistical analyses of the anodic peak potentials of FBRR/CPEs cycled in PBS and PBS/ 
L-Glutathione, n = 4. 
Mean Peak 
Potential 
FBRR (V) 
Mean Peak 
Potential 
FBRR/L-Glut (V) 
P-value       
Mean Peak Potential 
FBRR/L-Glut pH 
adjusted (V) 
P-value          
-0.0335 ± 0.0017 -0.0360 ± 0.0008 0.2347 -0.0336 ± 0.0008 0.9596 
 
 
5.2.7.8 Homovanillic Acid (HVA) 
HVA is a catecholamine metabolite of DA, 15, 22  with ECF concentrations of up to 10 
µM.33 The oxidation potential of HVA at a CPE is located at approximately 0.60 V vs. 
SCE, and is irreversible due to the cleavage of the methoxy bond. 22  
The CVs of bare CPEs in PBS, FBRR/CPEs in PBS, bare CPEs in PBS/HVA and 
FBRR/CPEs in PBS/HVA are shown in Figure 5.46.  The redox peaks for HVA 
appeared at 0.16 and 0.09 V vs. SCE. The anodic peak of FBRR/H2SO4 in PBS fell at 
-0.025 V vs. SCE and shifts to a more negative potential of -0.028 V vs. SCE when the 
HVA was added to the PBS solution. The mean peak potentials of the FBRR anodic 
peaks were tested using unpaired t-tests leading to a non-significant difference between 
the means with a P-value of 0.1428, shown in Table 5.17. 
As the pH of the PBS/ HVA solution was recorded at 7.37, this caused a shift of 
potential for the redox peaks of FBRR.  When this pH difference was taken into 
account the mean peak potential was adjusted to -0.027 V vs. SCE. Repeating the t-
test gave an improved P-value of 0.1762.    
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Figure 5.46: CVs showing the effect of 50 µM HVA on the redox peaks of FBRR/CPEs, n = 4. 
 
Table 5.17: Statistical analyses of the anodic peak potentials of FBRR/CPEs cycled in PBS and 
PBS/HVA, n = 4. 
Mean Peak 
Potential 
FBRR (V) 
Mean Peak 
Potential 
FBRR/HVA (V) 
P-value       
Mean Peak Potential 
FBRR/HVA pH 
adjusted (V) 
P-value          
-0.0245±0.0013 -0.0275±0.0013 0.1428 -0.0266±0.0005 0.1762 
 
The anodic peak potential of 0.16 V vs. SCE for HVA at a CPE was not in good 
agreement with literature values of 0.60 V vs. SCE.  Further investigation revealed that 
HVA oxidation resulted in the formation of DOPAC.22, 31 As the CVs in Figure 5.46 
were recorded after 100 cycles, the peaks observed at the bare CPE corresponded with 
DOPAC, not HVA.  The oxidation of HVA is shown in Figure 5.47. The first cycle 
shows the oxidation of HVA at approximately 0.65 V vs. SCE, forming its oxidation 
product, DOPAC.  The reverse sweep of the first cycle shows an unexpected reduction 
peak at approximately 0.10 V vs. SCE, this was the reduction of DOPAC formed from 
the oxidation of HVA. The second forward cycle shows another oxidation peak at 0.15 
V vs. SCE, corresponding to DOPAC oxidation.  
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Figure 5.47: First and second cycles of CVs showing the formation of DOPAC by the electrochemical 
oxidation of HVA at CPEs, n = 4. 
 
5.2.7.9 DOPAC 
DOPAC, is a metabolite resulting from the oxidation of HVA,22 with expected ECF 
concentrations between 1 and 20 µM.33  This was previously shown in Section 5.2.7.8. 
The CVs of bare CPEs in PBS, FBRR/CPEs in PBS, bare CPEs in PBS/DOPAC and 
FBRR/CPEs in PBS/DOPAC are shown in Figure 5.48.  The redox peaks for DOPAC 
occurring at 0.15 and 0.05 V vs. SCE are broad due to the slow electron transfer at the 
paste surface. The anodic peak of FBRR/H2SO4 in PBS falls at -0.026 V vs. SCE and 
shifts to a slightly more negative potential when the DOPAC was added. The mean 
peak potentials of the FBRR anodic peaks were tested using unpaired t-tests leading to 
a non-significant difference between the means with a P-value of 0.3867, shown in 
Table 5.18. 
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Figure 5.48: CVs showing the effect of 100 µM DOPAC on the redox peaks of FBRR/CPEs, n = 4. 
 
As the pH of the PBS/ DOPAC solution was recorded at 7.34, this resulted in a shift 
of potential for the redox peaks of FBRR.  When this pH difference was taken into 
account the mean peak potential shifted to -0.024 V vs. SCE. Repeating the t-test also 
gave a P-value of 0.3867.    
 
Table 5.18: Statistical analyses of the anodic peak potentials of FBRR/CPEs cycled in PBS and 
PBS/DOPAC, n = 4. 
Mean Peak 
Potential 
FBRR (V) 
Mean Peak 
Potential 
FBRR/DOPAC (V) 
P-value       
Mean Peak Potential 
FBRR/DOPAC pH 
adjusted (V) 
P-value          
-0.0255 ± 0.0010 -0.0270 ± 0.0013 0.3867 -0.0240 ± 0.0013 0.3867 
 
 
5.2.7.10 5-Hydroxy-Indole Acetic Acid (5-HIAA) 
5-HIAA is a primary metabolite of 5-HT.  Normal levels are variable depending on 
age and the bio fluid being tested (urine, blood, CSF) and are found in the range of 
0.05-55.0 µM.47   The anodic peak resulting from the oxidation of 5-HIAA presents 
between  0.30 and 0.40 V vs. SCE 48  at a bare CPE and is generally broad due to the 
slow electron transfer rate at the homogeneous CPE surface.49 
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Figure 5.49 shows the CVs obtained when cycling bare and modified CPEs in 5-HIAA. 
The innermost plot shows a bare CPE, moving outwards the next plot is the bare CPE 
cycled in a PBS solution with added 5-HIAA (100 µM).  The characteristic oxidation 
peak is apparent at 0.30 V vs. SCE.  The next CV, moving outwards, displays the 
anodic peak of FBRR/H2SO4 at -0.014 V vs. SCE.  In the outermost CV both the FBRR 
and 5-HIAA anodic peaks are evident.  The 5-HIAA has remained at the same potential 
but the FBRR peak has moved to a slightly more positive potential of -0.013 V vs. 
SCE.  The mean peak potentials of the FBRR peaks were tested using unpaired t-tests 
leading to a non-significant difference between the means with a P-value of 0.1466, 
shown in Table 5.19.   
However, the pH of the PBS/ 5-HIAA solution was recorded at 7.34. When this pH 
difference was taken into account the mean peak potential shifted to -0.013 V vs. SCE. 
Repeating the t-test yielded an improved P-value of 0.5298. 
 
Figure 5.49: CVs showing the effect of 100 µM 5-HIAA on the redox peaks of FBRR/CPEs, n = 4. 
 
Table 5.19: Statistical analyses of the anodic peak potentials of FBRR/CPEs cycled in PBS and PBS/5-
HIAA, n = 4. 
Mean Peak 
Potential 
FBRR (V) 
Mean Peak 
Potential FBRR/ 
5-HIAA (V)  
P-value       
Mean Peak Potential 
FBRR/5-HIAA pH 
adjusted (V) 
P-value          
-0.0135 ± 0.0013 -0.0160 ± 0.0008 0.1466 -0.0125 ± 0.0008 0.5298 
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5.2.8 Pharmacological Interferences 
There are a wide range of medications that could possibly interfere with the peak 
potential at which FBRR oxidises at a CPE, or any, electrode surface. If these oxidise 
at a similar potential then the resulting peak may be broadened to incorporate both 
peaks or may be shifted to a more positive or negative potential. Two of the most 
commonly used drugs are acetaminophen (ACOP) and acetylsalicylic acid (ASA).  The 
effects that these two pharmacological interferences may have on FBRR/CPEs are 
examined in the following sections.  
5.2.8.1 Acetaminophen (ACOP) 
ACOP is one of the most common drugs used for a wide variety of ailments and at 
various concentration levels. It is a main ingredient of paracetamol. Therapeutic levels 
of 0.2 mM have been reported.32  
Figure 5.50 shows the reversible oxidation and reduction peaks of ACOP at a bare CPE 
at 0.30 and 0.16 V vs. SCE, respectively.  These potentials were in agreement with 
literature values.50 The FBRR anodic peak in PBS falls at -0.021 V vs. SCE.  When 
the ACOP was added the FBRR anodic peak shifted to -0.027 V vs. SCE and was 
broader. This indicated that the added ACOP did not facilitate the oxidation of FBRR 
at the CPE surface.  The ACOP peak was well separated from the FBRR peak. The 
mean peak potentials were tested using unpaired t-tests leading to a significant 
difference between the means with a P-value = 0.0225 shown in Table 5.20. 
However, the pH of the PBS/ ACOP solution was recorded at 7.34. When this pH 
difference was taken into account the mean peak potential shifted to -0.023 V vs. SCE. 
Repeating the t-test yielded non-significant differences with an improved P-value of 
0.3097. 
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Figure 5.50: CVs showing the effect of 0.50 mM ACOP on the redox peaks of FBRR/CPEs, n = 4. 
 
Table 5.20: Statistical analyses of the anodic peak potentials of FBRR/CPEs cycled in PBS and PBS/ 
ACOP, n = 4. 
Mean Peak 
Potential 
FBRR (V) 
Mean Peak 
Potential 
FBRR/ACOP (V) 
P-value       
Mean Peak Potential 
FBRR/ACOP 
 pH adjusted (V) 
P-value          
-0.0210 ± 0.0013 -0.0265 ± 0.0008 0.0225 -0.0230 ± 0.0013 0.3097 
 
 
5.2.8.2 Acetylsalicylic Acid (ASA) 
ASA, a component of aspirin, may be present in biological systems at concentrations 
(0.5 mM) 51 that could interfere with the FBRR signal. Figure 5.51 shows no distinct 
oxidation or reduction peaks of ASA at a bare CPE. This would normally be apparent 
at approximately 0.80 V vs. SCE, so would appear just outside the potential range used 
here. The FBRR anodic peak in PBS falls at -0.026 V vs. SCE.  The shift to a more 
negative potential could indicate that the ASA facilitated the oxidation of the FBRR, 
making it more thermodynamically viable.  When the ASA was added the FBRR 
anodic peak shifted to -0.0285 V vs. SCE. The mean peak potentials were tested using 
unpaired t-tests leading to a non-significant difference between the means with a P-
value of 0.1466, shown in Table 5.21. 
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However, the pH of the PBS/ASA solution was recorded at 7.34. When this pH 
difference was taken into account the mean peak potential shifted to -0.023 V vs. SCE. 
Repeating the t-test yielded an improved P-value of 0.5188. 
 
Figure 5.51: CVs showing the effect of 0.50 mM ASA on the redox peaks of FBRR/CPEs, n = 4. 
 
Table 5.21: Statistical analyses of the anodic peak potentials of FBRR/CPEs cycled in PBS and PBS/ 
ASA, n = 4. 
Mean Peak 
Potential 
FBRR (V) 
Mean Peak 
Potential 
FBRR/ASA (V) 
P-value       
Mean Peak Potential 
FBRR/ASA pH 
adjusted (V) 
P-value          
-0.0260 ± 0.0014 -0.0285 ± 0.0005 0.1466 -0.0249 ± 0.0005 0.5188 
 
 
5.2.9 Ionic Strength 
Many pH sensors, especially those based on optical measurements,52 have a 
fundamental disadvantage of measuring a signal that depends on the ionic strength of 
the sample.  Changes in the ionic strength gives rise to changes in the conductivity of 
a solution. Decreasing the ionic strength of a solution decreases the conductivity, hence 
increasing the solution resistance. This results in an increased IR drop causing a 
subsequent potential increase (Ohm’s Law: V = IR) which modifies the observed 
potential. The effect of ionic strength on the FBRR functionalised electrodes was tested 
by cycling the modified electrodes in PBS of altered ionic strength with pH values of 
7.2, 7.4 and 7.6.  The ionic strength of the solutions was calculated using the formula:  
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             I = 0.5 Ʃ Z2i Ci                 5.1 
Where, Zi = ion charge                                                                                                                        
            Ci = ion concentration (M) 
Using Equation 5.1 the ionic strength of the PBS used throughout this thesis was 
calculated as 0.46 M.  This was altered to give ionic strengths of 0.92 M and 0.23 M.  
Electrodes were modified by electrodeposition of 2 mM FBRR in 0.1 M H2SO4 (LSV 
5 sweeps, from 0.40 to -0.80 V vs. SCE at 100 mV/s) and calibrated in PBS (I = 0.46 
M) pH 7.2, 7.4 and 7.6. They were then cycled in PBS with ionic strengths of 0.92 M 
and 0.23 M pH 7.2, 7.4 and 7.6.  The pH responses were determined, see Figure 5.52, 
and compared using two-tailed t-tests. A P-value of 0.4984 was obtained when 
comparing ionic strengths of 0.46 M with 0.92 M, and P = 0.1339 when comparing 
ionic strengths of 0.46 M with 0.23 M indicating no significant differences in the pH 
response between modified electrodes cycled in PBS of various ionic strengths, see 
Table 5.22. 
 
 
Figure 5.52: Linear regressions comparing the pH responses of FBRR/H2SO4 modified CPEs in 
solutions of varying ionic strength, n = 4. 
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Table 5.22: Comparison of the pH sensitivities of FBRR/H2SO4 modified CPEs in solutions of varying 
ionic strength, n = 4. 
 Slope (mV/pH) SEM R2 P-value 
I = 0.23 M  -60.00 1.00 1.00 0.1339 
I = 0.46 M  -54.37 3.25 0.99 _____ 
I = 0.92 M  -57.50 2.89 0.99 0.4984 
 
The location of the anodic peak potentials remained stable in all solutions tested. This 
was confirmed upon analysis, shown in the bar chart in Figure 5.53.  As the standard 
PBS solution used throughout this thesis had an ionic strength of 0.46 M, the solutions 
with ionic strengths of 0.23 M and 0.92 M were examined, using unpaired t-tests, 
against the standard solution, at each pH. All analyses resulted in non-significant 
differences, (P > 0.05). 
 
Figure 5.53: Bar chart showing no effect resulting from changes in ionic strength on the anodic peak 
potential of FBRR/CPEs, n = 4. 
 
5.2.10 Ion Effect  
The effect of the introduction of metal ions to the PBS solutions was examined.  Mg2+ 
and Ca2+ are among the most prevalent cations found in biological systems with 
average concentrations of 5 mM 53, 54 and 1.2 mM,55 respectively. They are also known 
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to form coordinate bonds, complexes, with several quinones18, 56  and could therefore 
affect their redox peak potentials.  Commercially available artificial cerebrospinal 
fluid, aCSF, contains between 1.3 and 21 mM MgCl2 and 1.2 to 1.6 mM CaCl2.  
Figure 5.54 shows the resulting pH responses of the calibrated electrodes with the 
added Mg2+ (A) and Ca2+ (B).   
 
Figure 5.54: pH responses of FBRR/H2SO4 modified CPEs in PBS solutions with added MgCl2 (A) and 
CaCl2 (B), n = 4. 
 
The pH as a function of peak potential is given in Table 5.23 and was recorded at -54 
± 2 mV/pH, R2 > 0.99, for the calibrations and -55 ± 4 mV/pH, R2 > 0.99, and -56 ± 2 
mV/pH, R2 > 0.99, with Mg2+ and Ca2+ ions added, respectively.  These pH responses 
were compared to the calibrations using unpaired t-tests and it was found that there 
were no significant differences obtained when the Mg2+ and Ca2+ ions were added, 
giving P-values of 0.7760 and 0.4862, respectively.  
 
Table 5.23: Analyses of the pH responses of FBRR/H2SO4 modified CPEs cycled in PBS solutions with 
added MgCl2 and CaCl2, n = 4. 
Calibration 
(mV/pH) 
R2 
+ MgCl2 
(mV/pH) 
R2 P-value 
+ CaCl2 
(mV/pH) R
2 
P-value 
-54 ± 2 0.998 -55 ± 4 0.994 0.7760 -56 ± 2 0.999 0.4862 
 
 
7.2 7.4 7.6
-0.04
-0.03
-0.02
Calibration
21 mM MgCl2
pH
P
e
a
k
 P
o
te
n
ti
a
l 
/ 
V
A
7.2 7.4 7.6
-0.04
-0.03
-0.02
Calibration
1.6 mM CaCl2
pH
P
e
a
k
 P
o
te
n
ti
a
l 
/ 
V
B
CPE: In-Vitro Characterisation of pH Sensor                                                Chapter 5        
 
232 
 
5.2.11 Temperature 
The main aim of this project was to develop a pH sensor suitable for measuring pH 
changes in a physiological environment, therefore the FBRR/CPEs were tested for 
their pH response at 37°C.  All previous experiments were carried out at room 
temperature, ca. 22°C.  The CVs (anodic peaks only) in Figure 5.55 show the resulting 
peaks and their corresponding potentials when cycling in PBS with pH values of 7.2, 
7.4 and 7.6.  The first difference observed was the increased currents obtained with 
increased temperature, as a result of higher energy in the system allowing the formation 
of more ions in solution. The second was the shift to a more negative potential for the 
values obtained between the two temperatures. This is because pH changes with 
temperature, according to the Rosenthal Correction Factor, by 0.015 pH units per °C.  
This results in a shift of 0.225 pH units for the temperature difference of 15°C. 
Assuming a Nernstian response of -59 mV/pH then the expected shift in peak potential 
is -13 mV.  So, if the peak potential at 22°C is -34 mV, the expected peak potential at 
37°C would be -47 mV.  Comparing the peak potentials at similar pH values between 
22°C and 37°C in Figure 5.55 gave potential shifts of approximately -18 mV.  
 
 
Figure 5.55: Anodic peaks of FBRR/CPEs cycled in various pH PBS showing the shift in potential due 
to temperature differences at 22°C and 37°C, n = 4.  
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   m = 2.303RT/F                 5.2 
Where m is the slope or pH response, R is the universal gas constant (J K-1 mol-1), T 
represents the temperature (K) and F denotes the Faraday constant (C mol-1). This 
results in a pH response of -61.55 mV/pH at a temperature of 37°C.  
The pH responses at both temperatures are shown in Figure 5.56. They demonstrate 
good pH sensitivities with slopes of -58.75 ± 2 and -62.50 ± 1 mV/pH for 22°C and 
37°C, respectively, with R2 values > 0.99. This is in good agreement with the 
theoretical value of -61.55 mV/pH unit, at 37°C, obtained from the Nernst equation 
(Eqn. 5.2) for a 2 electron, 2 proton transfer at 37°C.  These sensitivities, again 
highlight the temperature dependence of the Nernst equation.24   
 
 
Figure 5.56: pH responses of FBRR/CPEs at 22°C and 37°C, n = 4.  
 
Table 5.24: Statistical analyses of the pH responses of FBRR/CPEs comparing temperatures of 22°C 
and 37°C, n = 4.  
22°C 37°C 
Slope (mV/pH) SEM R2 Slope (mV/pH) SEM R2 
-58.75 0.22 0.9986 -62.50 0.14 0.9995 
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5.2.12 Reference Electrode 
All previous in-vitro experiments in this thesis were performed using a SCE reference 
electrode. This type of electrode is based on the reaction between 
elemental mercury and mercury(I) chloride, Hg2Cl2, which is in contact with a 
saturated KCl solution and is all contained in a glass tubing using a Pt wire as the 
external contact.  When carrying out electrode characterisations such a reference 
should be used as it has a known, pre-determined, stable electrode potential.57  When 
carrying out in-vivo experiments a SCE cannot be used because of their size and the 
toxic mercury58 contained within, so an adapted, or pseudo,  Ag/AgCl reference is 
used.  In general, Ag/AgCl references consists of a silver wire coated with silver 
chloride kept in contact with a KCl solution of known concentration.  This is all 
contained within a glass tube and separated from the test solution by a membrane.  
Ag/AgCl references are easier to miniaturise than a SCE59.  In a conventional Ag/AgCl 
microelectrode, the Ag/AgCl wire is usually isolated from the solution by a porous 
ceramic or glass frit/membrane and kept in a KCl solution of a defined concentration, 
but in the quasi (or pseudo) Ag/AgCl version, used here, the reference electrode is 
simply a silver wire plated with silver chloride.  It does not contain the inner filling 
solution of KCl which means it can lead to unstable potentials60 depending on the 
solution.61  However, it has been reported that pseudo reference electrodes in PBS pH 
7 maintain a constant potential.62  This makes them suitable for use in areas where the 
pH is regulated, e.g., biological systems. Other advantages include their 
biocompatibility and mechanical stability.  The SEM micrographs in Figure 5.57 
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shows the surface morphology of a silver wire, Ø = 0.2 mm, coated with silver 
chloride.  The accompanying EDX gives further evidence of this coating. 
 
Figure 5.57: SEM micrographs and the corresponding EDX of a quasi Ag/AgCl electrode used as the 
reference electrode to mimic in-vivo experimental conditions. 
 
The anodic peaks from the resulting CVs are shown in Figure 5.58.  They clearly show 
the shift in potential caused by using the Ag/AgCl reference electrodes, of 
approximately -34 mV compared to SCE.  Literature values for the potential difference 
between Ag/AgCl and SCE reference electrodes suggest a shift of -44 mV.59  There is 
also a clear shift in peak potentials when changing the solution pH between 7.2 and 
7.6.  
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Figure 5.58: Anodic peaks of FBRR/CPEs cycled in PBS solution of varying pH using SCE and 
Ag/AgCl reference electrodes, n = 4. 
 
The pH response of both systems, Ag/AgCl and SCE reference electrodes, is shown in 
Figure 5.59 with the corresponding values given in Table 5.25. The pH responses were 
-57.50 mV/pH when using an SCE and -56.25 mV/pH when using an Ag/AgCl 
electrode. Despite there being discrepancies in peak potentials between the two 
reference electrode systems, the extremely comparable sensitivities negate this issue. 
However, it is imperative that the difference in expected peak potentials is 
characterised prior to deployment of this system in physiological media.  
 
Figure 5.59: pH responses of FBRR/CPEs using SCE and Ag/AgCl reference electrodes, n = 4. 
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Table 5.25: Statistical analyses of the pH responses of FBRR/CPEs comparing SCE and Ag/AgCl 
reference electrodes, n = 4.  
 
Peak 
Potential   
7.2 (mV) 
Peak 
Potential   
7.4 (mV) 
Peak 
Potential    
7.6 (mV) 
n 
Slope 
(mV/pH) 
P-value 
SCE -27 ± 0.50 -38 ± 0.96 -50 ± 0.50 4 -57 ± 1.44 
0.4679 
Ag/AgCl -59 ± 0.50 -70 ± 0.96 -82 ± 1.15 4 -56 ± 0.72 
 
 
5.3 Conclusion 
Throughout this chapter, a rigorous regime of test conditions was applied to the 
previously designed pH sensor, to evaluate its suitability for use in the challenging in-
vivo environment.  
Section 5.2.1 considered the long-term stability of the FBRR/CPE, when stored at 4°C 
in either air or N2, for up to 1 month. Storage in N2 produced erratic results, with 
significant differences uncovered, (P < 0.05). On the other hand, sensors stored in air 
displayed similar pH sensitivities pre and post storage. No significant differences were 
observed, with all P-values > 0.05. It was, therefore, concluded that the optimum 
storage conditions for FBRR/CPEs was at 4°C with no further treatment required. 
Section 5.2.2 introduced the FBRR/SMCPEs in an attempt to increase the 
biocompatibility of the pH sensor. The preparation method was discussed, including 
storage times required between the various steps, and the requirement of repacking the 
electrodes. The Sty: paste ratio was also examined. The procedure for the preparation 
of SMCPEs was described in this section. 
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Section 5.2.3 investigated the biocompatibility of the FBRR/CPE and FBRR/SMCPE 
sensors, by examining the effects of storing or cycling the electrodes in solutions of 
protein, lipid, surfactant and ex-vivo brain tissue. All FBRR/CPE experiments resulted 
in increased capacitance caused by electrode fouling, and removal of silicone oil from 
the paste. The comparative FBRR/SMCPE biocompatibility studies resulted in broad 
anodic peaks but lower currents were observed, indicating that less silicone oil may 
have been lost. Cycling the FBRR/CPE sensors in the media proved less severe than 
storage, the constant application of anodic and cathodic potentials appeared to prevent 
fouling of the electrode surface. In fact, electron transfer was improved by the 
deposition of trace amounts of, e.g., lipid on the sensor. The corresponding 
FBRR/SMCPEs showed no substantial improvement and because of the extra 2 days 
required for preparation, they were deemed unsuitable for use with this particular 
sensor. Brain tissue was, physiologically, the most relevant test medium used, resulting 
in visible anodic peaks even after storage for 28 days. As in-vivo voltammetry would 
involve cycling the electrodes in tissue, rather than storing them, it was concluded that 
the FBRR/CPE sensor would be suitable for recording in living tissue. 
Section 5.2.4 discussed the variability in silicone oil content of FBRR/CPEs and 
FBRR/SMCPEs stored in lipids, proteins, surfactants and brain tissue. All electrodes 
exhibited a drop in oil content after storing for one day in the various media. The oil 
content after storing and cycling the electrodes in BSA and PEA solutions was 
examined. This confirmed results from Section 5.3.2, that cycling FBRR/CPEs 
removed less silicon oil from the surface. The silicone oil content of SMCPEs was 
examined. Direct comparisons with FBRR/CPEs revealed that oil losses were 
improved over FBRR/CPEs, but did not prevent the loss of FBRR. Real-time pH 
testing of FBRR/SMCPEs in Section 5.2.5 revealed excellent sensitivity of ca. -60 
mV/pH. This result compared well with the corresponding result for FBRR/CPEs, 
showing a detrimental effect occurred when exposing the sensors to air between 
measurements. 
Section 5.2.6 revealed that the silicone oil content of carbon paste samples varied with 
the age and manufacturing technique used in the production of CPEs. It was shown 
that CPEs with a higher silicone oil: carbon ratio displayed higher background 
currents.  
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Sections 5.2.7 and 5.2.8 considered the effects of physiological and pharmacological 
interferences on the anodic peaks of FBRR/CPEs, indicating that the sensor performed 
well in all media. How the sensor responded to changes in ionic strength, introduction 
of metal ions and temperature differences was also investigated, Sections 5.2.9-11.  
The findings confirmed the ability of the sensor to function well in all situations tested. 
Then, in Section 5.2.12, a reference electrode suitable to in-vivo voltammetry was 
introduced into the recording set-up, resulting in an expected shift in potential but 
similar pH sensitivity. 
In conclusion, FBRR/CPEs were deemed suitable for use in an in-vivo environment. 
FBRR/SMCPEs did not improve the biocompatibility of the pH sensor, only adding 2 
days to the manufacturing process. 
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6.1 Introduction 
Chapters 4 and 5 discussed the use of CPEs as suitable substrates for the 
electrodeposition of FBRR, and their efficacy for utilisation as a real-time pH sensor. 
The CPE used had a diameter of 0.27 mm, inclusive of the Teflon® insulation.  Some 
problems, inherent in CPEs, include the formation of an irregular surface leading to 
inconsistent currents; and the loss of silicone oil resulting in a change in the surface 
morphology.  To overcome these issues, and possibly produce an improved sensor of 
smaller diameter, carbon fibre electrodes (CFEs) were investigated.  
Carbon electrodes are widely used in electroanalytical chemistry due to their low 
residual currents over a wide potential range.1  Modifications of carbon surfaces 
include the electrochemical grafting of organic molecules onto the substrate, for 
example, the one electron reduction of aryl diazonium salts.2-4 Quinone modified 
carbon electrodes have previously been used to produce electrochemical sensors 
capable of the accurate pH measurement of buffered solutions.5-7  These advancements 
have enabled the development of electrodes for pH monitoring that have distinct 
advantages, compared to other common methods used for the determination of solution 
pH.8 
The use of carbon fibres in electro-analysis is well reported, with electrodes consisting 
of a single carbon fibre introduced for electrochemical measurement in 1979.9-11  Since 
then, they have been used extensively in electrochemistry, predominantly in 
applications requiring small recording volumes, such as in-vivo monitoring.12  
In this chapter, the electrochemical deposition of FBRR, in the presence of organic and 
aqueous solvents, onto CFEs is discussed. This was achieved by utilising the optimum 
deposition conditions obtained in Chapter 4. The modified electrode characteristics 
and redox properties were subsequently analysed using CV.   
The CFEs used in this thesis consisted of a 7 μm diameter carbon fibre that was held 
in a 1.5 mm diameter borosilicate glass capillary tubing. The carbon tip was conically 
shaped and protruded from the glass insulation by 20 μm ± 5 μm, leaving a cylindrical 
surface. There are two main advantages to a cylindrical surface of a CFE over a disc 
surface. The first advantage is that cylindrical electrodes are less sensitive to acquiring 
an imperfect seal between the electroactive surface and the surrounding insulator,12 
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while the second advantage relates to the increased surface area, enabling the electrode 
to yield currents that provide a sufficiently high signal: noise ratio.13  
As well as the physical advantage of using working electrodes with a smaller diameter, 
making them more suitable for in-vivo experiments, the CFEs used in this thesis had 
the added benefits of microelectrodes, i.e., the contribution of radial diffusion to the 
Faradaic current,14 as the diffusion layer becomes larger than the electrode surface over 
time. The main limitation with CFEs is the inability to polish or renew the surface once 
used so, in general, new CFEs were used for each experiment. 
 
6.2 Results and Discussion 
In this section, the characterisation of FBRR/CFEs for use as voltammetric pH sensors 
was performed. FBRR was electrodeposited onto the CFEs by LSV using the 
CPE/FBRR/H2SO4 deposition parameters described in Section 4.3.  An investigation 
was then carried out, regarding the effect of electrode pre-treatment, on the redox peaks 
formed. The supporting electrolyte was varied from acidic, (H2SO4) to organic 
(TEABF4/ACN) before the optimised redox peaks were obtained.  The pH sensitivity 
of the sensor and stability for up to 28 days were examined.  The FBRR/CFEs were 
then subjected to a rigorous in-vitro testing regime, similar to that applied in Chapter 
5 for CPEs, to check their suitability for deployment in the in-vivo environment. 
 
6.2.1 Untreated CFEs 
CFEs possess good mechanical and electrical properties making them suitable for 
electrochemical and electrophysiological applications.15 Their biological compatibility 
and size, generally < 10 µm, make them ideal substrates for in-vivo applications, as 
they cause less tissue damage than larger conventional electrodes. The background CV 
(100th cycle) for a bare CPE in N2 saturated PBS is shown in Figure 6.1, along with the 
CV of the same electrode subsequently cycled in 0.1 M H2SO4.  The CV of the bare 
CFE in PBS is almost sigmoidal,16 which is typical for single fibre electrodes.17, 18 This 
was in direct contrast to the more conventional background signal obtained in Section 
4.2.1 for CPEs. The currents obtained were in the nA range, so the resistance had a 
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negligible effect on the observed electrochemical reactions.17 Higher currents were 
observed when the CFE was subsequently cycled in H2SO4. When bare, previously 
unused, CFEs were cycled in H2SO4 the resulting CVs were almost identical to those 
resulting from CFEs cycled in PBS. This indicated that a bare CFE, initially cycled in 
PBS, resulted in a pre-treatment effect, either causing scratches on the surface thereby 
increasing the surface area,14 or by forming oxides on the surface.12  
 
 
Figure 6.1: CVs (100th cycle) of CFEs cycled in PBS and subsequently cycled in 0.1 M H2SO4, n = 4. 
 
6.2.1.1 Electro-reduction of FBRR using CPE Parameters 
The electro-reduction of FBRR onto the CFE substrate involved the optimised CPE 
deposition parameters obtained in Section 4.3; LSV x 5, from 0.80 to -0.40 V vs. SCE, 
at 100 mV/s in 2 mM, N2 saturated, FBRR/0.1 M H2SO4.  Figure 6.2 shows a slight 
reduction wave, during the 1st deposition sweep, at ca. -0.20 V vs. SCE, however, this 
reduction profile was not evident for all electrodes. This wave, when evident, 
disappeared in the second and subsequent sweeps, showing that the reduction of the 
diazonium salt to its radical, occurred in the first sweep only.19 
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Figure 6.2: Voltammogram showing the 1st reduction wave of FBRR/H2SO4 onto untreated CFEs, n = 
4. 
 
These FBRR modified CFEs were then tested for their pH sensitivity, by cycling in 
PBS solutions, of variable pH, from -0.70 to 0.80 V vs. SCE, for 100 cycles in each 
solution. The order of cycling was randomly selected to avoid any hysteresis effects. 
The resulting CVs are shown in Figure 6.3 (A), with the corresponding linear 
regression in Figure 6.3 (B).  Although Figure 6.3 (A) shows a clear shift in peak 
potential with pH, a super-Nernstian response of -130 ± 39 mV/pH was obtained, (R2 
= 0.9194).  This value was not consistent with a 2e-/2H+ redox reaction.20  
 
 
Figure 6.3: (A) CVs of untreated CFEs modified with FBRR/H2SO4, cycled in PBS solutions, pH 7.2, 
7.4 and 7.6. (B) Linear regression of the peak potentials response with changing pH, n = 4. 
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A requirement of a successful pH sensor is that its response remains stable over a 
specified time period, e.g., 12-24 hours. To further examine these electrodes, they were 
cycled for 400 cycles (3.5 hours). This would give a good indication as to how the 
electrodes would behave over time.  It was clear, from Figure 6.4, that the FBRR redox 
peaks had disappeared with cycling, an indication that a covalent bond had not 
successfully formed between the salt and the carbon substrate.  
 
 
Figure 6.4: Stability, over 400 cycles, of the oxidation and reduction peaks of FBRR/H2SO4 deposited 
on untreated CFEs, n = 4. 
 
6.2.2 Pre-treating CFEs 
The electrochemical pre-treatment of carbon electrodes by oxidation and reduction of 
the electrode surface, has been widely used to improve electrode response.21, 22 
Furthermore, the electrochemical oxidation of single carbon fibre micro cylinders has 
been reported as increasing electron transfer kinetics.23 Improvements to CFEs have 
been achieved by  pre-treating the electrodes prior to the attachment of quinones.24 
Functional groups generated at the carbon surface, during pre-treatment, may promote 
electron transfer by participating in a proton-exchange mechanism, causing 
electrostatic interactions with redox centres, therefore acting as catalytic sites for 
adsorption or electron transfer.25 Surface oxidation can be achieved by the application 
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of a constant potential, among other methods.22 The main variables of the pre-treatment 
process are the oxidation and reduction potentials applied,26 the composition and pH 
of the electrolyte solution,21 and the length of time of oxidation and reduction.24 Many 
literature electrochemical pre-treatments of CFEs applied a positive potential, up to 
3.0 V vs. SCE for a period of time, followed by a shorter cathodic potential.23,27 The 
application of 3 V in aqueous solutions has been reported as “overkill” for surface 
oxidation,22 so for this reason, as well as limitations of the potentiostat used, an anodic 
potential of 2.0 V vs. SCE was applied for 30 s.  A cathodic potential of -2.0 V vs. SCE 
was then applied for 10 s.28 Because the surface oxides formed during electrochemical 
pre-treatment may include H atoms, the pH of the solution used plays an important 
role, as it can determine the type of oxides formed on the electrode surface.21 In the 
following sections, the pre-treatments were carried out in neutral (PBS pH 7.4), basic 
(NaOH) and acidic (H2SO4) electrolyte solutions.  
 
6.2.2.1 Pre-treatment with PBS 
Phosphate buffer, pH 7.4, is reportedly the most common electrolyte for the pre-
treatment of CFEs.9  Figure 6.5 shows the CVs resulting from the electrochemical pre-
treatment of CFEs in PBS (pH 7.4). The applied potential was held at + 2.0 V vs. SCE 
for 30 s followed by a cathodic potential of -2.0 V vs. SCE for 10 s. After pre-treatment, 
the electrodes were cycled in PBS for 400 cycles. When compared to the background 
signals in Section 6.2.1, the CVs were less sigmoidal, with evidence of the formation 
of surface oxides in the anodic sweep. This is a feature referred to as an 
“electrochemical graphitic oxide film” caused by exposing the electrode to high 
positive potentials in either neutral or acidic electrolytes.21  There was little variation 
in the resulting CVs over time.  The first 100 cycles show slightly higher currents at a 
higher potential, but this settled to a constant response after 100 cycles.  This could 
indicate that the electrodes take a period of time or cycling to settle. All electrodes, 
henceforth, were cycled for a minimum of 100 cycles before any recordings were 
taken. 
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Figure 6.5: CVs of CFEs pre-treated in PBS, pH 7.4, at 2.0 V vs. SCE for 30 s followed by -2.0 V vs. 
SCE for 10 s, n = 4. 
 
In Section 4.2.1, the CVs of CPEs displayed increasing currents with time, caused by 
the leeching of silicone oil from the electrode surface. CFEs, which do not contain any 
oil, did not exhibit a similar phenomenon, with their currents remaining stable. 
The PBS pre-treated CFEs were then modified with FBRR/H2SO4 using the conditions 
obtained in Section 4.3.  The resulting CVs, 400 cycles, are shown in Figure 6.6(A), 
with the highlighted anodic peaks in Figure 6.6(B).  The peaks were clearly formed, 
but there was a substantial potential drift over time.  A ΔEp value of 0.2 V vs. SCE 
between the anodic and cathodic peaks was indicative of quasi-reversible electrode 
kinetics. Diazonium salts at CFEs generally exhibit a reversible redox reaction, the 
pre-treatment had caused a slowing down of the electrode response.29  It was also 
notable that the redox peak currents decreased with time, indicating that the FBRR on 
the surface was being depleted. This was in contrast to CPEs, see Section 4.2.3.11, 
where the currents gradually increased over the same time period.  
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Figure 6.6: (A) CVs of FBRR modified CFEs, pretreated in PBS and (B) the highlighted anodic peaks, 
showing the potential drift over cycle number, n = 4. 
 
The above electrodes were then tested for their pH sensitivities, by cycling them in 
PBS solutions, of varying pH between 7.2 and 7.6.  The order of cycling in each pH 
solution was randomly selected to reduce any hysteresis effects. Figure 6.7 shows the 
relationship between the peak potential and pH for (A) the anodic and (B) the cathodic 
peaks.  The FBRR oxidation peak, Figure 6.7(A), yielded a slope of +16.5 ± 45 
mV/pH, R2 = 0.1197, with the reduction peak, Figure 6.7 (B) having a response of -37 
± 4 mV/pH, R2 = 0.9882.  The reduction peak showed some promise for use as a pH 
sensor, but because of the amount of drift over time it was deemed unsuitable.  
 
 
Figure 6.7: pH sensitivities of (A) anodic and (B) cathodic peaks for PBS pre-treated FBRR/CFEs, n = 
4. 
 
-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
-200
-150
-100
-50
0
50
100
150
C50
C100
C150
C200
C250
C300
C350
C400
A
Potential / V vs. SCE
C
u
rr
e
n
t 
/ 
n
A
-0.075 0.000 0.075
40
50
60
70
B
Potential / V vs. SCE
C
u
rr
e
n
t 
/ 
n
A
 
7.2 7.4 7.6
-0.01
0.00
0.01
0.02
0.03
0.04
0.05
pH
P
e
a
k
 P
o
te
n
ti
a
l 
/ 
V A
7.2 7.4 7.6
-0.15
-0.14
-0.13
-0.12
-0.11
pH
P
e
a
k
 P
o
te
n
ti
a
l 
/ 
V
B
CFE: In-Vitro Characterisation of pH Sensor                                                Chapter 6        
 
253 
 
6.2.2.2 Pre-treatment with NaOH 
Adjusting the electrochemical pre-treatment applied to CFEs can improve their 
sensitivities and resolution.9  Employing PBS, pH 7.4, as the chosen electrolyte gave 
mixed results, so the PBS was replaced by a basic electrolyte (0.1 M NaOH, pH ≈ 
13.0).  The reduction of FBRR/H2SO4 onto the CFE surface was carried out as 
described in Section 4.3. The resulting CVs, 400 cycles, are shown in Figure 6.8(A) 
with the highlighted anodic peak Figure 6.8 (B).  The CVs in Figure 6.8(A) show oxide 
formation at ca. 0.50 V vs. SCE. In Section 6.2.2.1, these peaks were said to result 
from the formation of a graphitic oxide film.  The same paper reports that this film is 
removed in basic solutions, but surface oxides remain.21  On closer examination of the 
FBRR anodic peak, see Figure 6.8 (B), there is an obvious drift in the peak potential. 
It also shows the disappearance of the anodic peak after 300 cycles, indicating that the 
FBRR had not formed the desired covalent bond with the electrode surface. As the 
FBRR appeared to fall away from the electrode with continuous cycling, it was 
concluded that it would not be suitable as use for the pH sensor, as recording for 12-
24 hours was a pre-requisite.  
 
 
Figure 6.8: (A) CVs of FBRR modified CFEs pretreated in 0.1 M NaOH and (B) the highlighted anodic 
peaks showing the potential drift over cycle number and eventual disappearance of the peak, n = 4. 
 
6.2.2.3 Pre-treatment with H2SO4 
Sections 6.2.2.1-2 examined pre-treating CFEs with neutral and basic electrolyte 
solutions, prior to the electro-reduction of FBRR/H2SO4, with only limited success 
-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
-100
-50
0
50
100
C400
C350
C300
C250
C200
C150
C100
C50
A
Potential / V vs. SCE
C
u
rr
e
n
t 
/ 
n
A
-0.1 0.0 0.1 0.2
10
15
20
25
30
35
B
Potential / V vs. SCE
C
u
rr
e
n
t 
/ 
n
A
CFE: In-Vitro Characterisation of pH Sensor                                                Chapter 6        
 
254 
 
obtained. The electrochemical pre-treatment of CFEs in acidic media (H2SO4) has been 
reported.30, 31 Here, CPA was used to pre-treat the carbon surfaces by applying 2.0 V 
vs. SCE for 30 s followed by -2.0 V vs. SCE for 10 s in a 0.1 M acid solution (pH ≈ 
1.0). The resulting CVs, over 400 cycles, are shown in Figure 6.9(A) with the 
highlighted anodic peak in Figure 6.9(B). The redox peaks displayed quasi-reversible 
electrode kinetics, ΔE ≈ 0.25 V vs. SCE, indicating that the pre-treatment had resulted 
in a slowing of the electron transfer rate.29 On examination of the anodic peak, it was 
found to be well defined and stable over the time period tested, ca. 3.5 hours.  
 
 
Figure 6.9: (A) CVs of FBRR modified CFEs pretreated in 0.1 M H2SO4 and (B) the highlighted anodic 
peaks showing the peak stability over cycle number, n = 4. 
 
Section 4.2 discussed the electrodeposition of FBRR, in organic and aqueous media, 
onto CPEs, and found better results when using the aqueous H2SO4 as the supporting 
electrolyte. This was due to interactions between the organic silicone oil and 
TEABF4/ACN possibly resulting in a multilayer coverage of the electrode surface, 
therefore, increasing the diffusion layer thickness and reducing the electron transfer 
rate. As there was no silicone oil present in CFEs and the fact that the majority of 
research papers, viewed by this researcher, electrodeposited diazonium salts via an 
organic electrolyte, it was decided to modify the H2SO4 pre-treated electrodes using 
TEABF4/ACN.  
The CVs in Figure 6.10, 100th cycle, show CFEs that were pre-treated in 0.1 M H2SO4 
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with FBRR using either 0.1 M H2SO4 or 0.1 M TEABF4/ACN as the supporting 
electrolyte.  The redox peaks were better defined when the organic electrolyte was 
used.  
 
 
Figure 6.10: CVs of CFEs pretreated in 0.1 M H2SO4 before modification with FBRR using H2SO4 or 
TEABF4/ACN as the supporting electrolyte, n = 4. 
 
The FBRR/TEABF4/ACN modified CFEs were then cycled for up to 3.5 hours, to 
check the stability of the anodic peak over time. A stable peak potential, with little or 
no drift over time is required for a successful pH sensor. As Figure 6.11(A) shows, the 
redox peaks were well defined. The electrode kinetics had improved from those 
displayed in Section 6.2.2.3, where the ΔE value was ca. 0.25 V vs. SCE, to 
demonstrating near reversible kinetics with ΔE ≈ 0.10 V vs. SCE. Close examination 
of the anodic peak, Figure 6.11(B) indicated that the peak potential remained stable 
over the time period of interest, with little fluctuation in the currents obtained.  
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Figure 6.11: (A) CVs of FBRR/TEABF4/ACN modified CFEs pretreated in 0.1 M H2SO4 and (B) the 
highlighted anodic peaks showing the peak stability over cycle number, n = 4. 
 
6.2.3 Characterising FBRR Modified CFEs 
Section 6.2.2 optimised the electrochemical pre-treatment of CFEs to best reduce 
FBRR onto the electrode surface. This was achieved by applying a constant potential 
of 2.0 V vs. SCE for 30 s followed by a cathodic potential of -2.0 V vs. SCE for 10 s 
in a 0.1M H2SO4 solution.  The redox peaks were further improved by changing from 
an aqueous to an organic supporting electrolyte. In this section the deposition of FBRR 
onto the electrode surface is discussed.  Following this, the pH sensitivity of the 
functionalised electrode and its stability over time, up to 28 days is examined.  Finally, 
how the sensor behaves under real-time pH changes is analysed. 
 
6.2.3.1 Deposition of FBRR 
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recorded voltammogram presented a single electron, irreversible reduction wave at 
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of the diazonium salt during the first reduction sweep, producing the formation of its 
-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
-150
-100
-50
0
50
100
C50
C100
C150
C200
C250
C300
C350
C400
A
Potential / V vs. SCE
C
u
rr
e
n
t 
/ 
n
A
-0.10 -0.05 0.00 0.05 0.10 0.15
30
40
50
60
B
Potential / V vs. SCE
C
u
rr
e
n
t 
/ 
n
A
CFE: In-Vitro Characterisation of pH Sensor                                                Chapter 6        
 
257 
 
corresponding radical,19 leading to the grafting of the FBRR onto the substrate.  The 
disappearance of the reduction wave after the first cycle suggested the formation of a 
thin layer, or monolayer of FBRR, strongly attached to the CFE surface.32 It was noted 
that this reduction wave was not always evident, resulting in poorly modified 
electrodes, that did not adequately display well defined redox peaks.  
 
Figure 6.12: Reduction profiles for FBRR/TEABF4/ACN, sweeps 1-5, showing the deposition 
occurring during the 1st sweep only, n = 8. 
 
6.2.3.2 pH Response 
In order to examine the pH response, CFEs were modified with 2 mM FBRR from a 
0.1 M TEABF4/ACN solution by LSV, 5 sweeps, from 0.40 to -0.80 V vs. SCE at 100 
mV/s.   Each modified electrode was then cycled in PBS, pH 7.2, 7.4 and 7.6, for 100 
cycles from -0.70 to 0.80 V vs. SCE at 100 mV/s.  The order of the different pH 
solutions was randomly selected to eliminate any hysteresis effects. The resulting CVs 
are shown in Figure 6.13(A) with Figure 6.13(B) showing close-up views of the anodic 
peaks of interest. They clearly show a shift in the peak potential on changing the pH 
of the PBS solution between 7.2 and 7.6. 
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Figure 6.13: (A) CVs of the variation of peak potential with changing pH, (B) close-up of the anodic 
peaks formed, n = 20. 
 
The linear regression of the peak potential response to changing pH is shown in Figure 
6.14. It displays an almost ideal sensitivity of -55 ± 0.7 mV/pH, (R2 = 0.998). The error 
bars signify a large inter-electrode variability, the peak potential values almost 
overlapping for neighbouring pH values. This inter-electrode variability was much 
larger for CFEs than those achieved for CPEs in Section 4.2.3.15, and proved to be a 
limitation when designing the FBRR/CFE pH sensor. 
 
 
Figure 6.14: pH sensitivity of FBRR/TEABF4/ACN modified CFEs, n = 20. 
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6.2.3.3 Stability of FBRR/TEABF4/ACN Modified CFEs in Air 
FBRR/TEABF4/ACN modified CPEs were prepared, as specified in Section 6.2.3.1, 
and calibrated for their pH sensitivity on the day of modification. These electrodes 
were then stored at 4°C for 1, 3, 7 and 28 days, before being  recalibrated.  Figure 6.15 
shows the resulting pH responses, before and after storage. 
Table 6.1 shows analysed data for all the calibrations, pre and post storage. The slopes 
of each set of electrodes, before and after storage, have been compared using unpaired 
t-tests.  Although the results in Figure 6.15 suggested a change in the peak potential 
achieved after storage, due to the large inter-electrode variability obtained when 
modifying CFEs, the analyses of the sensitivities indicate that there was no significant 
difference in the pH responses of the modified electrodes after storage at 4°C, for the 
times specified, (P > 0.05). 
The changing pH response over time is shown in Figure 6.16.  The sensitivity of the 
modified electrodes remained relatively stable, pre and post storage, for all days 
examined.  These results were similar to those found for CPEs in Section 5.2.1.1.   
 
Table 6.1: Statistical analyses of modified CFEs pH response before and after storage at 4°C. 
 Slope (mV/pH) SEM R2 n P-value 
Calibrate -57.50 2.88 0.9975 4 
0.7942 
+ 1 Day -58.33 0.96 0.9997 4 
Calibrate -60.00 1.92 0.9990 4 
0.1966 
+ 3 Days -55.00 2.89 0.9973 4 
Calibrate -58.75 3.61 0.9962 4 
0.0725 
+ 7 Days -66.67 0.48 0.9999 4 
Calibrate -57.50 2.89 0.9975 4 
0.2544 
+ 28 Days -61.25 0.72 0.9999 4 
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Figure 6.15: pH response of modified CFEs calibrated and stored at 4°C for 1, 3, 7 and 28 days, n = 4. 
 
 
Figure 6.16: Variability in pH sensitivities of FBRR/TEABF4/ACN modified CFEs, pre and post 
storage, at 4°C. 
 
Figure 6.17 shows the isolated anodic peaks of the FBRR/TEABF4/ACN modified 
electrodes cycled in pH 7.2, 7.4 and 7.6 for 100 cycles each, before and after storage 
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for 3 days (A) and 28 days (B). They clearly indicate that there was a potential shift 
with changing pH and that although the peak potentials had shifted after 28 days, the 
difference in the pH response was insignificant (P = 0.2544).   
 
 
Figure 6.17: Modified CFEs cycled in PBS pH 7.2, 7.4 and 7.6, before and after storage for 3 days (A) 
and 28 days (B) at 4°C, n = 4. 
 
6.2.3.4 Stability of FBRR/TEABF4/ACN Modified CFEs in N2 
A similar procedure to Section 6.2.3.3 was performed here, except the calibrated 
FBRR/CFEs were stored at 4°C under N2.  Table 6.2 shows the analysed data for all 
the calibrations, pre and post storage. The slopes of each data set, before and after 
storage, were compared using unpaired t-tests and they showed no significant 
differences in the pH responses of the modified electrodes, after storage at 4°C under 
N2, for the times specified, (P > 0.05).  This was an improvement over CPEs stored in 
a similar manner, see Section 5.2.1.2, where some significant differences were 
identified (P < 0.05). 
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Table 6.2: Statistical analyses of modified CFEs pH response before and after storage at 4°C in N2. 
 Slope (mV/pH) SEM R2 n P-value 
Calibrate -56.25 2.2 0.9985 4 
0.1219 
+ 1 Day N2 -61.25 5.1 0.9932 4 
Calibrate -57.50 1.4 0.9994 4 
0.5414 
+ 3 Days N2 -58.75 3.6 0.9962 4 
Calibrate -58.75 3.6 0.9962 4 
1.0000 
+ 7 Days N2 -58.75 2.2 0.9986 4 
Calibrate -53.75 5.1 0.9912 4 
0.6849 
+ 28 Days N2 -55.00 2.9 0.9973 4 
 
The change in the pH sensitivity of the FBRR/CFEs was monitored over a 28 day 
period and the resulting plot is shown in Figure 6.18. They exhibit very stable pH 
responses both before and after storage in N2.  Also clearly shown is a reduced inter-
electrode variability when compared to those in Section 6.2.3.3.  
 
Figure 6.18: Variability in pH sensitivities of FBRR/TEABF4/ACN modified CFEs, pre and post 
storage, at 4°C under N2 conditions, n = 4. 
 
6.2.3.5 Real-Time pH Study 
Section 6.2.2.1 explained that the CFEs required a settling period equivalent to 100 
cycles before any data was recorded.  This was due to the exposure of the electrodes 
to air.  In all previous pH testing of FBRR/CFEs, the electrodes were cycled in each 
solution for 100 cycles, giving the sensor an extended response time.  In order to reduce 
the response time of the electrodes, a real-time study of changing pH was undertaken, 
similar to that for CPEs in Section 4.2.3.19.  
0 10 20 30
-70
-65
-60
-55
-50
-45
Calibrate
Post Storage N2
Day
S
lo
p
e
 m
V
/p
H
CFE: In-Vitro Characterisation of pH Sensor                                                Chapter 6        
 
263 
 
CFEs were pre-treated as described in Section 6.2.2.3, before being modified with 
FBRR as described in Section 6.2.3.1.  The calibration process was performed by 
changing the PBS solution pH using a micro pump, with a constant flow rate of 5 
µl/min.  The electrodes were allowed to settle for 100 cycles prior to any pH 
recordings. As physiological pH is so closely regulated33 the sensor was required to 
record pH changes to within 0.01 pH units.  0.5 M NaOH or 0.5 M NaH2PO4 was used 
to gradually change the pH of the recording solution. The CV was continuously 
recorded between the two pH limits, (7.20 and 7.60), while the solution was slowly 
stirred (45 rev/min). The cycle number and time were noted on each pH change of 0.01 
pH units. The peak potentials were extrapolated after the experiment was completed.  
The results are shown in Figure 6.19 and show that the FBRR/CFEs had a sensitivity 
of -67 ± 2 mV/pH (R2 = 0.9805, n = 4). These results, when compared to the 
corresponding CPE results, show increased electrode variability and a significant 
difference between the sensitivities obtained (P = 0.0007), see Table 6.3, with 
FBRR/CPEs exhibiting a pH response closer to the ideal Nernstian value.   Although 
these results demonstrated that the FBRR/H2SO4 modified CFE continuously 
measured pH changes in-vitro, the large errors indicated that it was not as reliable as 
the FBRR/CPEs. The error bars in Figure 6.19 correspond to ca. 12 mV, or ± 6 mV, 
which is equivalent to ±0.1 pH units, indicating that this sensor cannot precisely 
identify a change in pH. When compared to the corresponding results using CPEs, see 
Section 4.2.3.19, the error bars corresponded to ca. 2 mV, or ± 1 mV, equivalent to ± 
0.016 pH units. These values compounded the limitation, of large inter-electrode 
variability, in the design of FBRR/CFEs. It should be noted here, that 2 mV was the 
smallest increment that the potentiostat software could measure.  
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Figure 6.19: pH sensitivity of FBRR/CFEs using a controlled flow micro pump system to alter pH, n = 
4. 
 
Table 6.3: Comparison of real-time pH sensitivities for FBRR modified CPEs and CFEs, n = 4.  
Substrate 
pH Sensitivity 
(mV/pH) 
R2 P-value 
CPE -56 ± 1 0.9539 
0.0007 
CFE -67 ± 2 0.9805 
 
 
6.2.4 Factors Affecting the Operation of a pH Sensor 
The FBRR/CFE pH sensor has been characterised in an in-vitro environment. The next 
step in the development of a sensor, for use in physiological samples, was to examine 
how the sensor might behave when in-vivo conditions were mimicked. These 
conditions included varying the ionic strength of solutions, testing the effect of ions 
that are prevalent in physiological samples, the operating temperature of the sensor and 
the suitability of the reference electrode used in the electrochemical set up. 
The effects of various physiological and pharmacological interferences on the 
FBRR/CFE pH sensor will also be discussed in this section. 
 
7.2 7.4 7.6
-0.01
0.00
0.01
0.02
0.03
0.04
pH
P
e
a
k
 P
o
te
n
ti
a
l 
/ 
V
CFE: In-Vitro Characterisation of pH Sensor                                                Chapter 6        
 
265 
 
6.2.4.1 Ionic Strength 
Many pH sensors, especially those based on optical measurements,34 have issues when 
measuring a signal that depends on the ionic strength of the sample.  The effect of ionic 
strength on the FBRR/CFEs was tested by cycling the modified electrodes in PBS of 
altered ionic strength with pH values of 7.2, 7.4 and 7.6.  The ionic strength of the 
solutions was calculated using Equation 5.1, see Section 5.2.9. All previous PBS 
solutions had an ionic strength of 0.46 M, recordings were subsequently taken using 
PBS with ionic strengths of 0.23 and 0.92 M. 
FBRR/CFEs were calibrated in PBS solutions, pH 7.2, 7.4 and 7.6. They were then 
cycled in PBS with ionic strengths of 0.92 M and 0.23 M with the same pH values.  
The pH responses were determined, see Figure 6.20, and compared using two tailed t-
tests. A P-value of 1.00 was obtained when comparing ionic strengths of 0.46 M with 
both 0.92 M and 0.23 M indicating no significant differences in the pH response 
between modified electrodes cycled in PBS of various ionic strengths, see Table 6.4. 
 
Figure 6.20: Linear regressions comparing the pH responses of FBRR/TEABF4/ACN modified CFEs 
in solutions of varying ionic strength, n = 4. 
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Table 6.4: Comparison of the pH sensitivities of FBRR/TEABF4/ACN modified CFEs in solutions of 
varying ionic strength, n = 4. 
 
 
Slope (mV/pH) SEM R2 P-value 
I = 0.23 M -55.00 2.89 0.9973 1.0000 
I = 0.46 M -55.00 1.44 0.9993 _____ 
I = 0.92 M -55.00 2.89 0.9973 1.0000 
 
 
Figure 6.21: Bar chart of the differences in the anodic peak potential obtained in solutions of different 
ionic strength, n = 4. 
 
However, Figure 6.20 clearly showed that the ionic strength of the solution affected 
the potential at which the anodic peak was located. This showed a contribution of the 
ions to the peak potentials of FBRR/CFEs. Figure 6.21, evaluates the differences 
between the potentials obtained.  As 0.46 M was the ionic strength of the standard PBS 
solution used throughout this thesis, the solutions with ionic strength values of 0.23 M 
and 0.92 M were compared to the standard value. When the potentials at each pH, 7.2, 
7.4 and 7.6 were compared, at each of the ionic strengths, significant differences were 
obtained for all, see Table 6.5. Similar tests on FBRR/CPEs, see Section 5.2.9, yielded 
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no difference in the potentials obtained, confirming that the effect of solution ionic 
strength was a limiting factor when designing FBRR/CFEs. 
 
Table 6.5: Evaluation of the contribution of ionic strength to the peak potential obtained when cycling 
FBRR/CFEs in solutions with varying ionic strengths, n = 4. 
pH 
P-value  
(0.46 M vs. 0.23 M) 
P-value  
(0.46 M vs. 0.92 M) 
7.2 0.0190 0.0153 
7.4 0.0114 0.0238 
7.6 0.0114 0.0250 
 
6.2.4.2 Ion Effect 
Metal ions are prevalent in living systems. Calcium and magnesium ions (Ca2+ and 
Mg2+) are two alkaline-earth-metal ions physiologically essential to almost all living 
organisms, with average concentrations of 5 mM 35, 36 and 1.2 mM,37 respectively.  
They are also known to form coordinate bonds and complexes, with several 
quinones.5,38 To examine the effect of these ions on the FBRR/CFE pH sensor, they 
were introduced into the PBS solutions, once the electrodes had been calibrated.  
FBRR/CFEs were prepared and calibrated in PBS solutions with pH values of 7.2, 7.4 
and 7.6.  They were then cycled in the same PBS solutions with added MgCl2 (21 mM) 
and CaCl2 (1.6 mM).  This concentration of MgCl2 was used as some commercially 
available aCSF contains up to 21 mM. Figure 6.22 shows the resulting pH sensitivities 
of the calibrated electrodes, with the added Ca2+ (A) and Mg2+ (B).   
The pH sensitivities are assigned in Table 6.6 and were recorded as -58 ± 5 mV/pH, 
R2 > 0.99, for the calibrations and -56 ± 4, R2 > 0.99, and -59 ± 2 mV/pH, R2 > 0.99, 
with Mg2+ and Ca2+ ions added, respectively.  These pH responses were compared to 
the calibrations using unpaired t-tests and it was found that there were no significant 
differences obtained when the Mg2+ and Ca2+ ions were added, giving P-values of 
0.8012 and 0.7434, respectively.  
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Figure 6.22: pH responses of FBRR/TEABF4/ACN modified CFEs in PBS solutions with added CaCl2 
(A) and MgCl2 (B), n = 4. 
 
Table 6.6: Analyses of the pH responses of FBRR/CFEs cycled in PBS solutions with added MgCl2 
and CaCl2, n = 4. 
Calibration 
(mV/pH) 
R2 
+ MgCl2 
(mV/pH) 
R2 P-Value 
+ CaCl2 
(mV/pH) 
R2 P-value 
57.50 ± 5 0.9958 56.25 ± 4 0.9962 0.8012 58.75 ± 6 0.9985 0.7434 
 
 
6.2.4.3 Temperature 
So far, the FBRR/CFEs were examined in solutions at room temperature, 22°C.  In 
order to develop a successful sensor, suitable for real-time testing of physiological pH, 
the sensor must be capable of operating at a temperature of 37°C.  
Prepared FBRR/CFEs were firstly calibrated in PBS solutions, pH 7.2, 7.4 and 7.6, at 
22°C.  The solutions were subsequently heated to, and maintained at, 37°C for the re-
calibration of electrodes. The CVs, anodic peaks only, Figure 6.23, show the resulting 
peaks and their corresponding potentials when cycling in PBS with pH values of 7.2, 
7.4 and 7.6.   
There was a shift to a more negative potential for the values obtained between the two 
temperatures. This is because pH changes with temperature, according to the Rosenthal 
Correction Factor, by 0.015 pH units per °C.  This results in a shift of 0.225 pH units 
for the temperature difference of 15°C.  Assuming a Nernstian response of -59 mV/pH 
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then the expected shift in peak potential is -13 mV.  So, if the peak potential at 22°C 
is -34 mV, the expected peak potential at 37°C would be -47 mV.  Comparing the peak 
potentials at similar pH values between 22°C and 37°C, in Figure 6.24, gave potential 
shifts of approximately -12 mV, corresponding to a non-significant difference (P = 
0.2070). 
 
Figure 6.23: Anodic peaks of FBRR/CFEs cycled in various pH PBS showing the shift in potential due 
to temperature differences at 22°C and 37°C, n = 4.  
 
 
Figure 6.24: pH responses of FBRR/CFEs at 22°C and 37°C, n = 4.  
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mV/pH at 22°C. These sensitivities, highlight the temperature dependence of the 
Nernst equation.6    
The pH responses at both temperatures are shown in Figure 6.24, with the 
corresponding analyses in Table 6.7. They demonstrated good pH sensitivities with 
slopes of -55 ± 4 and -63.75 ± 1 mV/pH for 22°C and 37°C, respectively, with R2 
values > 0.99.  A significant difference was found when the theoretical value of -61.55 
mV/pH was compared with the sensitivity achieved, -63.75 mV/pH, (P = 0.0208).  
   
Table 6.7: Statistical analyses of the pH responses of FBRR/CPEs comparing temperatures of 22°C and 
37°C, n = 4. 
22°C 37°C 
Slope (mV/pH) SEM R2 Slope (mV/pH) SEM R2 
-55.00 4.33 0.9938 -63.75 0.72 0.9999 
 
 
6.2.4.4 Reference Electrode 
The reference electrode, used so far in this chapter, was a SCE. Section 5.2.12 
discussed the reasons for its unsuitability as an in-vivo reference electrode, mainly size 
and toxicity, and why it was replaced by a pseudo Ag/AgCl reference electrode.  
In order to examine the effect of changing the reference electrode, FBRR/CFEs were 
calibrated in PBS solutions with pH values of 7.2, 7.4 and 7.6, using a SCE reference, 
before being cycled under the same conditions using a Ag/AgCl pseudo reference 
electrode.  To further mimic in-vivo conditions, a 5 mm cylinder silver wire was used 
as the auxiliary electrode.   The anodic peaks from the resulting CVs are shown in 
Figure 6.25.  They clearly show the shift in potential caused by using the Ag/AgCl 
reference electrodes, of approximately -33 mV compared to SCE.  Literature values 
for the potential difference between Ag/AgCl and SCE reference electrodes suggest a 
shift of -44 mV.39  A significant difference was found between the literature and actual 
values, (P < 0.0001), nonetheless, the comparable sensitivities negate this issue. 
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However, it is imperative that the difference in expected peak potentials is 
characterised prior to deployment of this system in physiological media.  
  
 
Figure 6.25: Anodic peaks of FBRR/CFEs cycled in PBS solution of varying pH using SCE and 
Ag/AgCl reference electrodes, n = 4. 
 
The pH response of both systems, Ag/AgCl and SCE reference electrodes, is shown in 
Figure 6.26, with the corresponding statistical analyses given in Table 6.8. The pH 
responses were -55.00 ± 1 mV/pH when using a SCE and -53.75 ± 1 mV/pH when 
using a Ag/AgCl reference electrode. Analyses disclosed that these differences in 
sensitivity were non-significant, (P = 0.4679). 
 
Table 6.8: Statistical analyses of the pH responses of FBRR/CFEs comparing SCE and Ag/AgCl 
reference electrodes, n = 4.  
 
Peak 
Potential   
7.2 (mV) 
Peak 
Potential   
7.4 (mV) 
Peak 
Potential    
7.6 (mV) 
n 
Slope 
(mV/pH) 
P-value 
SCE 16 ± 5.50 6 ± 6.63 -5 ± 5.62 4 -55.00± 1.44 
0.4679 
Ag/AgCl -16 ± 4.65 -27 ± 5.26 -38 ±.83 4 -53.75 ± 0.72 
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Figure 6.26: pH responses of FBRR/CFEs using SCE and Ag/AgCl reference electrodes, n = 4. 
 
6.2.4.5 Physiological Interferences 
Good sensitivity is not the only desirable characteristic in sensor design. Selectivity 
between different analytes is also an important factor to consider. This is of importance 
here, as many physiological interference molecules in biological media are 
electroactive, possibly with similar oxidation potentials to FBRR at a CFE surface. To 
examine any possible effects of these interfering molecules, physiologically relevant 
concentrations of the individual interferences were added to the PBS solution, before 
the modified electrodes were recycled in the solution. All recordings involved the 100th 
cycle.  Section 5.2.3 detailed all the analytes examined, along with their relevant 
physiological concentrations that were used in this section.  
The peak potentials pre and post treatment were recorded, n = 4, and the differences 
were compared using t-tests. As in Section 5.2.3, some analytes caused a change in 
solution pH, which resulted in a shift of the peak potential. An adjustment was made 
to allow for this. To avoid repetition of Section 5.2.3, the results obtained were 
tabulated, see Table 6.9.  When analysed, all treatments caused a slight shift in the 
peak potentials, which were deemed non-significant, (P > 0.05).  The corresponding 
P-values, obtained for FBRR/CPEs cycled in the same analytes, are shown alongside 
the CFE results. They conclude that both FBRR modified electrodes, CPEs and CFEs, 
were not affected by the analytes examined, or their metabolites.  
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Table 6.9: Effect of chemical interferences on FBRR/CFE peak potentials, showing also the 
corresponding results for FBRR/CPEs, n = 4. 
Interference FBRR/CFE FBRR/CPE 
 
Peak Potential 
Without 
Interference 
(V vs. SCE) 
Peak Potential 
With 
Interference 
(V vs. SCE) 
P-value P-value 
AA 0.047 ± 0.010 0.049 ± 0.010 0.8761 0.8637 
UA 0.025 ± 0.003 0.018 ± 0.002 0.0950 0.9158 
DA 0.020 ± 0.002 0.021 ± 0.001 0.7735 1.0000 
L-Cysteine -0.002 ± 0.002 0.001 ± 0.001 0.3512 0.0992 
L-Tyrosine 0.033 ± 0.002 0.022 ± 0.001 0.6355 0.7306 
5-HT 0.011 ± 0.005 0.007 ± 0.004 0.5496 0.6202 
L-Glutathione -0.034 ± 0.002 -0.035 ± 0.002 0.6994 0.9596 
HVA -0.014 ± 0.009 -0.016 ± 0.012 0.8871 0.1762 
DOPAC 0.056 ± 0.006 0.050 ± 0.003 0.3982 0.3867 
5-HIAA 0.024 ± 0.007 0.040 ± 0.007 0.1256 0.5298 
 
6.2.4.6 Pharmacological Interferences 
Like physiological interferences, pharmacological interferences may affect the 
location and definition of FBRR/CFE peak potentials.  This would generally result 
from fouling of the electrode surface, and the electroactive nature of the interferences.  
Acetaminophen (ACOP) and acetylsalicylic acid (ASA) are two of the most commonly 
used medications, so their effects on the modified sensors were investigated.  
Both ACOP and ASA caused a change in the solution pH, so an adjustment to the peak 
potential was made, see Section 5.2.8.  The peak potentials, pre and post treatment, 
were analysed using t-tests and the significance of any differences found were quoted 
as P-values. The results are located in Table 6.10, along with the corresponding results 
for FBRR/CPEs. Details of the analytes examined, along with their relevant 
physiological concentrations that were used in this section, can also be found in Section 
5.2.8.   
When analysed, both treatments caused a slight shift in the peak potentials, which were 
deemed non-significant, (P > 0.05).  The corresponding P-values, obtained for 
FBRR/CPEs cycled in ACOP and ASA, are shown alongside the CFE results. They 
conclude that both FBRR modified electrodes, CPEs and CFEs were not affected by 
the analytes examined. 
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Table 6.10: Effect of pharmacological interferences on FBRR/CFE peak potentials, showing also the 
corresponding results for FBRR/CPEs, n = 4. 
Interference CFE CPE 
 
Peak Potential 
Pre-Treatment 
(V vs. SCE) 
Peak Potential 
Post-Treatment 
(V vs. SCE) 
P-value P-value 
ACOP 0.042 ± 0.008 0.040 ± 0.005 0.0866 0.3097 
ASA 0.025 ± 0.005 0.019 ± 0.004 03858 0.5188 
 
6.2.5 Biocompatibility 
Biological tissue presents as a very hostile environment for electrochemical sensors. 
In Section 5.2.3, the biocompatibility of FBRR/CPEs was examined. It concluded that 
proteins and lipids pulled the silicone oil, along with FBRR, from the electrode surface. 
They also caused electrode fouling.  CFEs on the other hand, do not contain oil, so 
improved biocompatibility was expected.  
To test the effect of various physiological substances (e.g., proteins, lipids and 
surfactants) on FBRR/CFEs,  calibrated electrodes were stored, in solutions of BSA, 
1% (protein), PEA, 1% (lipid), Triton® X 1% (surfactant) or homogenised brain tissue, 
overnight at 4°C, before being recalibrated in the PBS solutions.  Although the end 
application for this sensor involved skeletal muscle tissue, ex-vivo brain tissue was 
deemed a suitable medium for characterisation due the similarities displayed in Table 
5.7 and the fact that in-vivo studies showed the homogenised brain tissue to be a 
harsher environment than the in-vivo muscle tissue, see Section 7.2.2. 
In the corresponding section on biocompatibility of FBRR/CPEs, see Section 5.2.3, 
the modified electrodes were treated for up to 28 days.  Such lengthy treatments were 
not considered for CFEs. A problem uncovered when developing the FBRR/CFE 
sensor was the lack of reproducibility. This was evident when electrodepositing FBRR 
onto the pre-treated electrodes, as not all reductions led to successful formation of the 
FBRR layer.  Often, when well defined redox peaks were obtained, the location of the 
peak potentials led to large inter-electrode variability. This was highlighted in Section 
6.2.3.5, where the errors displayed were equivalent to 0.2 pH units. Section 6.2.4.1 
uncovered a limiting effect, on the location of the peak potential, caused by the ionic 
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strength of the solution. Later, in this thesis it will be discovered that the fragility of 
CFEs in the in-vivo environment meant that they were unsuitable for use as a biological 
real-time pH sensor, see Section 7.2.1.  For these reasons, preliminary biocompatibility 
studies on FBRR/CFEs were performed over a 24 hour period only. 
 
6.2.5.1 Bovine Serum Albumen 
Figure 6.27(A) shows the resulting CVs having stored FBRR/CFEs in BSA, 1%, 
overnight at 4°C.  The anodic peaks of interest, Figure 6.27(B), were clearly still visible 
after storage.  This was in contrast to CPEs stored in BSA, see Section 5.2.3.1, where 
the peaks were broad and barely distinguishable after storing in BSA, for 1 day. The 
peak currents dropped after storing CFEs, this was an indication of electrode fouling, 
increasing the diffusion layer thickness, and therefore reducing the electron transfer 
kinetics. CFEs, bare and pre-treated, had previously shown fouling effects due to 
BSA.28  
There was an obvious shift in the peak potential with changing pH.  Linear regression 
plots of the pH sensitivities are shown in Figure 6.28, giving sensitivities of -56.25 ± 
2 and -57.50 ± 4 mV/pH for pre and post treatment, respectively. When compared 
using t-tests, no significant difference was found between the electrode responses, (P 
= 0.8049). These values are given in Table 6.11. 
 
 
Figure 6.27: (A) CVs pre and post storage of FBRR/CFEs in BSA, (B) close-up view of the anodic 
peaks, n = 4. 
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Figure 6.28: pH sensitivities of FBRR/CFEs stored overnight in BSA, 1%, n = 4. 
 
Table 6.11: Analyses of the pH responses of FBRR/CFEs pre and post treatment in BSA, n = 4.  
 Slope (mV/pH) SEM R2 n P-value 
Calibrate -56.25 2.17 0.9985 4 
0.8049 
+ 1 Day BSA -57.50 4.33 0.9944 4 
 
6.2.5.2 Phosphatidylethanolamine 
CFEs, stored in PEA, 1%, overnight were calibrated pre and post storage, resulting in 
the CVs shown in Figure 6.29(A).  Enhanced views of the anodic peaks obtained are 
shown in Figure 6.29(B).  The peaks, post storage, were clearly defined with little 
difference in the currents obtained, indicating negligible electrode fouling. This was 
not expected as PEA was previously found to poison pre-treated CFEs.28  Section 
5.2.3.2 showed the effect of storing CPEs in PEA. In contrast to CFEs, the CPE peaks 
post storage were ill-defined, due to electrode fouling, and FBRR removal along with 
silicone oil.  
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Figure 6.29: (A) CVs pre and post storage of FBRR/CFEs in PEA, (B) close-up view of the anodic 
peaks, n = 4. 
 
When the anodic peaks for CFEs stored in PEA were analysed, they had pH 
sensitivities of -61.25 ± 0.7 and -65.00 ± 4 mV/pH, pre and post treatment, 
respectively.  The linear regression for the pH response, shown in Figure 6.30, 
indicated a shift in potential for the modified electrodes after storage, and improved 
inter-electrode variability, i.e., smaller error bars. The pH responses were compared 
using unpaired t-tests, resulting in non-significant differences between the electrode 
responses before and after storage in PEA, (P = 0.4257), shown in Table 6.12. 
 
 
Figure 6.30: pH sensitivities of FBRR/CFEs stored overnight in PEA, 1%, n = 4. 
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Table 6.12: Analyses of the pH responses of FBRR/CFEs pre and post treatment in PEA, n = 4.  
 Slope (mV/pH) SEM R2 n P-value 
Calibrate -61.25 0.72 0.9999 4 
0.4257 
+ 1 Day PEA -65.00 4.33 0.9956 4 
 
 
6.2.5.3 Triton®X 
Section 5.2.3.3 found Triton®X to be the most severe of the treatments applied to CPEs, 
with a vast increase in electrode capacitance and no anodic peaks visible in the 
resulting post storage CVs. When pre-treated FBRR/CFEs were exposed to the same 
treatment, the CVs formed were almost identical pre and post storage, see Figure 
6.31(A). On closer examination of the anodic peaks, in Figure 6.31(B), it can be seen 
that the peaks were clearly defined, with no change in the current output, consistent 
with no electrode fouling. This enhances the results from Section 5.2.3.3, indicating 
that the increased capacitive currents resulted from the loss of silicone oil from the 
CPE matrix, which in turn removed the FBRR.  
 
 
Figure 6.31: (A) CVs, pre and post storage of FBRR/CFEs in Triton®X, (B) close-up view of the anodic 
peaks, n = 4. 
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Figure 6.32: pH sensitivities of FBRR/CFEs stored overnight in Triton®X, 1%, n = 4. 
 
Table 6.13: Analyses of the pH responses of FBRR/CFEs pre and post treatment in Triton®X, n = 4.  
 Slope (mV/pH) SEM R2 n P-value 
Calibrate -60.00 5.77 0.9908 4 
0.5653 
+ 1 Day Triton®X -56.20 2.17 0.9985 4 
 
The anodic peaks potentials, for CFEs stored in Triton®X, were analysed, see Figure 
6.32, resulting in pH sensitivities of -60.00 ± 6 and -56.20 ± 2 mV/pH, pre and post 
treatment, respectively. The pH responses were compared using unpaired t-tests, 
resulting in non-significant differences between the electrode responses before and 
after storage in Triton®X, (P = 0.5653), shown in Table 6.13.  
 
6.2.5.4 Brain Tissue 
Although Sections 6.2.5.1-3 investigated the biocompatibility of the FBRR/CFEs in 
solutions of lipids, proteins and surfactants, the medium that best mimics the in-vivo 
environment is ex-vivo brain tissue. To examine the effect of brain tissue on the pH 
sensor, CFEs were modified with FBRR then calibrated, for 100 cycles in PBS of pH 
7.2, 7.4 and 7.6. The resulting, calibrated, electrodes were stored in homogenised brain 
tissue, at 4°C overnight, before being recycled using the same calibration conditions.  
Figure 6.33(A) shows the resulting CVs pre and post treatment, with the anodic peaks 
magnified in Figure 6.33(B).  
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Figure 6.33: (A) CVs showing the effect of storing FBRR/CFEs in homogenised brain tissue, (B) close 
up view of the anodic peaks,  n = 4. 
 
It was observed that the CVs formed, were almost identical pre and post storage, see 
Figure 6.33(A). On closer examination of the anodic peaks, see Figure 6.33(B), it can 
be seen that the peaks were clearly defined, with no change in the current output, which 
indicated little or no electrode fouling. 
 
 
Figure 6.34: pH sensitivities of FBRR/CFEs stored overnight in ex-vivo brain tissue, 1%, n = 4. 
 
The anodic peaks potentials, for CFEs stored in ex-vivo brain tissue, were analysed, 
see Figure 6.34, resulting in pH sensitivities of -61.67 ± 1 and -60.00 ± 6 mV/pH, pre 
and post treatment, respectively. The pH responses were compared using unpaired t-
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tests, resulting in non-significant differences between the electrode responses before 
and after storage in brain tissue, (P = 0.7850), shown in Table 6.14.  
 
Table 6.14: Analyses of the pH responses of FBRR/CFEs pre and post treatment in ex-vivo brain tissue, 
n = 4.  
 
Slope 
mV/pH 
SEM R2 n P-value 
Calibrate -61.67 0.96 0.9998 4 
0.7850 
+ 1 Day BT -60.00 5.77 0.9908 4 
 
6.3 Conclusion 
Chapter 6 of this thesis examined the possibility that FBRR/CFEs were suitable for use 
as real-time pH sensors. Section 6.2.1 discussed the suitability of untreated CFE 
modified with FBRR, using the optimised CPE parameters from Chapter 4, but this 
proved unsuccessful, mainly due to their small surface area and fragility causing 
possible fractures during cycling.  The reduction profile showed a small wave, in the 
first linear sweep, which was not consistently formed. The pH sensitivity, of electrodes 
that had been functionalised, displayed a super-Nernstian response of -130 ± 39 
mV/pH. 
Section 6.2.2 discussed the electrochemical pre-treatment of CFEs and the resulting 
effects on the electrodeposition of FBRR onto the electrode surfaces. The pre-
treatment can cause scratches on the electrode surface, thereby increasing the 
electroactive surface area, or alternatively it leads to the formation of surface oxides 
that can facilitate electron transfer rates.14   
Neutral, basic and acidic media were employed as the pre-treatment electrolytes, 
before the electro-reduction of FBRR onto the already modified surfaces. The most 
stable, consistent anodic peaks resulted from CFEs that were pre-treated in 0.1 M 
H2SO4 at 2.0 V vs. SCE for 30 s, followed by -2.0 V vs. SCE for 10 s. The anodic peaks 
were further improved by depositing the FBRR from a solution of 0.1 M 
TEABF4/ACN.  
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The optimised conditions for producing FBRR/CFEs was: 
 Pretreat CFEs in 0.1 M H2SO4 by applying a potential of 2.0 V vs. SCE for 30 
s followed by a potential of -2.0 V vs. SCE for 10 s. 
 Prepare 2 mM solution of FBRR in 0.1 M TEABF4/ACN. Store at 4°C when 
not in use. 
 N2 saturate FBRR/ TEABF4/ACN prior to use. 
 
 Electro-reduce FBRR onto CFEs (LSV x5, 0.40 to -0.80 V vs. SCE at 100 
mV/s). 
 Cycle modified CFEs in N2 saturated PBS for 100 cycles to stabilise (-0.70 to 
0.80 V vs. SCE at 100 mV/s).   
It must be noted, at this stage, that many literature sources state that the important 
parameter when pre-treating electrodes is not the potential applied, but the current 
density passed during the process.9, 21 This was a limitation imposed on the work in 
this chapter, due to the potentiostat used not being designed for the high currents 
involved.   
Section 6.2.3 of this thesis examined the suitability of FBRR/CFEs for use as real-time 
voltammetric pH sensors, capable of distinguishing pH values to within 0.01 units. The 
deposition parameters from Chapter 4 were adapted to include TEABF4/ACN as the 
supporting electrolyte.The electrodeposition of the diazonium salt onto the substrate 
was confirmed by the 1 electron reduction wave, leading to a monolayer coverage, 
although this reduction was not always evident. The pH response was reported as -55 
± 0.7 mV/pH (R2 = 0.998, n = 4), and in a real-time situation was recorded as -67 ± 6 
mV/pH (R2 = 0.980, n = 4).  The stability of the modified electrodes was investigated 
over a period of 28 days, storing the sensors in either air or N2. All resulting 
sensitivities, when compared pre and post storage, yielded no significant differences 
(P > 0.05).  When monitoring pH in a real-time situation, the pH response was -67 ± 6 
mV/pH. The reproducibility of the sensor became apparent, with large inter-electrode 
variability also an issue. The CFE sensor was not as reliable as its CPE counterpart. 
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Section 6.2.4 examined some factors that might affect the functionality of the 
developed FBRR/CFE pH sensor. The factors included ionic strength, which is a 
particular weakness with many optical based pH sensors. It was shown that in solutions 
with ionic strengths of 0.23, 0.46 and 0.92 M, the pH sensitivities of the sensors was 
exactly the same. However, the ionic strength of the solution contributed to a shift in 
the peak potential that was not evident for CPEs.  Solution ionic strength was therefore 
a limitation in designing the pH sensor when using CFEs.  
Also discussed were the effects of metal ions, which are prevalent in living tissue, on 
the FBRR/CFEs. The pH sensitivities, before and after treatment with Mg2+ and Ca2+ 
ions showed no significant differences, (P = 0.8012 and 0.7434, respectively). Section 
6.2.4.3 detailed the effect of using the sensor at the physiologically relevant 
temperature of 37°C. As the Nernst equation is temperature dependent, a change in the 
pH sensitivity was expected. However, when the theoretical value was compared to 
the obtained sensitivity, a significant difference was uncovered, (P = 0.0208). The use 
of a reference electrode suitable for the in-vivo environment, pseudo Ag/AgCl was 
examined and compared to the SCE used in all previous experiments. A shift in peak 
potential was observed, and the compared pH responses yielded no significant 
difference (P > 0.05). Finally, the effects of various chemical and pharmacological 
interferences on the sensor were examined. Similar to FBRR/CPEs in Sections 5.2.7 
and 5.2.8, all the analytes tested revealed no significant differences between the pH 
sensitivities before and after treatment, (P > 0.05).  
Finally, in Section 6.2.5, the biocompatibility of FBRR/CFEs was discussed. Because 
of reproducibility and reliability concerns, treatment in BSA, PEA, Triton®X and brain 
tissue was only reported over a 24 hour period. All treatments showed excellent results 
in the aforementioned media, the CVs before and after treatment remaining almost 
identical. This was as a result of the absence of silicone oil, which in CPEs, was 
withdrawn along with FBRR, resulting in increased capacitance and a loss of the FBRR 
redox peaks.  Although the CFE sensors showed improved biocompatibility over 
CPEs, they were deemed not suitable for use as a voltammetric pH sensor, due to their 
large inter-electrode variability, the contribution of solution ionic strength to the 
location of the anodic peak potentials, and reproducibility problems.  
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7.1 Introduction 
In Chapters 4-6, the FBRR modification of CPEs and CFEs was optimised, resulting 
in sensors capable of measuring potential changes, attributed to pH changes, in-vitro. 
The final results chapter of this thesis evaluates the application of these sensors, under 
physiological conditions, and their ability to function as real-time, voltammetric, pH 
sensors in-vivo. Living muscle tissue was the chosen medium for all in-vivo 
experiments in this chapter. 
Muscle pH monitoring has been shown to effectively correlate with decreased tissue 
perfusion,1, 2 and provides an earlier indication of possible tissue damage than 
monitoring blood pH.3 This is because blood contains a highly efficient buffering 
system and so could fail to reveal potential damage.  
Although FBRR modified electrodes were extensively tested in-vitro, these results are 
not expected to be the same in-vivo.  Living tissue provides an anatomically and 
chemically challenging environment that includes lipids, proteins and a wide variety 
of electrochemically active species, such as AA, UA and DA.  The composition of 
tissue matrix leads to a highly resistive medium, that restricts mass transport to the 
electrode surface,4 as well as reacting to the physical implantation of a foreign object 
(sensor).5  Literature has shown that temperature influences the oxidation potential of 
several physiological interferences, including DOPAC and AA.6 Hence, the detailed 
characterisation of CFEs and CPEs carried out in the previous chapters may be 
insufficient to mimic the real-time in-vivo application of these sensors. As such, the 
modified CPEs and CFEs were implanted into the adductor femoris muscle in the hind 
limb of Wistar rats. Localised changes in pH were brought about by either a) inducing 
ischemia to reduce the pH or b) injection of bicarbonate ions to increase pH. After a 
short recording time period, the tissue pH was allowed to recover. 
Reduced blood flow results in tissue ischemia, causing insufficient oxygen and 
nutritional requirements, starving the affected tissue of its metabolic needs. The 
efficient removal of waste products, H2O, CO2 and ions, is also reduced. The reduced 
oxygen supply to the tissue causes cell metabolism to change from aerobic to 
anaerobic,7 which results in the production of lactic acid.8  This, along with increased 
levels of CO2, induces a decrease in pH levels.
9  If the episode of ischemia is prolonged 
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the tissue will eventually die.8  Reperfusion is the re-establishment of blood flow to 
the affected tissue. The surgical procedure for induction of hind limb ischemia, 
commonly referred to as the hind limb ischemic model, proceeds as follows. Once the 
animal was sufficiently anaesthetised, the needle tip, containing the three electrodes, 
was inserted through the skin of an exposed area of the hind leg, deep enough to reach 
tissue. The needle tip was then retracted from the muscle, and the recording electrodes 
were left in-situ. A sterilised tourniquet was placed around the top of the animal’s limb 
to allow for occlusion of the blood supply. To induce ischemia, the tourniquet was 
tightened around the upper leg for a 10 minute period, after which it was released to 
allow reperfusion of the muscle tissue. 
The acid-base balance of tissue is tightly regulated. The main buffering ion, HCO3-, 
controls pH changes by interconversion with CO2 in the reaction:
10  
                                        HCO3- + H+ ↔ CO2 + H2O                                         7.1 
The plasma bicarbonate concentration in humans is 24 mM.10, 11 An increase in pH can 
be brought about by simply adding a strong base to the system.12 However, 
complications can arise due to the effect of the increase in CO2 levels leading to 
acidosis.13 Therefore salts of weak bases should be used.  Bicarbonate therapy is a 
known treatment administered to patients suffering from the effects of acidosis.13-16 
Although an increase in CO2 levels is still possible, these effects are reduced by 
efficient exhalation, i.e., where there is no respiratory distress displayed.13  In order to 
induce an increase in pH levels, in the following in-vivo study, injections of sodium 
bicarbonate,13, 17, 18 a weak base, were administered locally to the hind limb of the 
animals.   
 
7.2 Results and Discussion 
In this section, the in-vivo testing of FBRR/CFEs and FBRR/CPEs, for use as real-time 
voltammetric pH sensors, was performed. FBRR was electrodeposited onto the pre-
treated CFEs by LSV using the deposition parameters optimised in Section 6.3, 
whereas CPEs were modified with FBRR according to the protocol set out in Section 
4.3. The modified electrodes were calibrated by cycling in PBS solutions with pH 
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values of 7.2, 7.4 and 7.6 for 100 cycles each. The electrodes were then surgically 
implanted into the hind limbs of Wistar rats, using a three electrode set-up, including 
a pseudo Ag/AgCl reference electrode and a bare silver wire as the auxiliary electrode 
(see Section 5.2.12).  CVs were recorded from -0.80 to 0.70 V vs. Ag/AgCl at 100 
mV/s, for 90 cycles, (45 minutes), to ensure the electrodes had settled. A local increase 
or decrease in pH was then induced for 10 minutes, after which the treatment was 
removed and the CV recordings were continued for a further 45 minutes, to see if the 
pH returned to the pre-treatment level. The animal remained under anaesthesia 
throughout the experiment. 
 
7.2.1 FBRR Modified CFEs 
CFE microelectrodes are mainly used in-vivo as neurochemical sensors,19, 20 and have 
many advantages for use in biological applications. These include their 
biocompatibility, good electrochemical properties, low cost, ease of modification and 
small size which leads to less tissue damage upon implantation. In this section, their 
suitability as functioning pH sensors was examined, by monitoring the shift in the peak 
potential, as ischemia was induced in an animal, causing a decrease in the pH.  
 
7.2.1.1 Effect of Lowering Tissue pH 
In order to examine the suitability of FBRR/CFEs to function as real-time 
voltammetric pH sensors, the fibres were pre-treated and modified as described in 
Section 6.5, before being calibrated in PBS solutions of pH 7.2, 7.4 and 7.6. The order 
of solution pH was randomly selected to remove any hysteresis effects. The pH 
sensitivity of the electrodes is shown in Figure 7.1, with the corresponding linear 
regression data in Table 7.1. These show a response of -56.25 ± 2 mV/pH, (R2 = 
0.9985, n = 5).  As in the results found throughout Chapter 6, a large inter-electrode 
variability of FBRR/CFEs was again evident by the size of the error bars. 
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Figure 7.1: pH sensitivities for the calibration of FBRR/CFEs prior to in-vivo testing, n = 5.  
 
Table 7.1: Linear regression data for FBRR/CFE calibrations.  
 Slope (mV/pH) SEM n R2 
Calibrate -56.25  2.17 5 0.9985 
 
The modified CFEs, n = 5, were then inserted into the hind limb of the animals, n = 3, 
under anaesthesia, along with the pseudo reference and auxiliary electrodes, according 
to the hind limb ischemia model described in Section 7.1.  Although the diameter of 
the working electrode was 7 µm, the glass capillary surrounding it had a diameter of 
1.5 mm.  Because of this, the working electrode was inserted into the muscle tissue 
using a 14 gauge needle, (inner Ø = 1.60 mm) and the reference and auxiliary 
electrodes were inserted separately, using an 18 gauge needle, (inner Ø = 0.84 mm), 
as close in proximity to the CFE as possible. Recording lasted for 200 cycles, 
(equivalent to 100 minutes), as follows: 
Cycles 1-90: Electrode settling period. 
Cycles 91-110: Induction of ischemia/ tourniquet applied. 
Cycles 111-200: Treatment reversed/tourniquet released. 
A selection of the resulting CVs is shown in Figure 7.2, demonstrating how 
inconsistently the sensors behaved, with the output currents continuously surging and 
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dropping. This was attributed to the distance between the fibres and the 
reference/auxiliary electrodes, and that they were inserted through separate needles. 
Muscle tissue is a highly resistive medium, restricting mass transport to the electrode 
surface,5  and any movement of the electrodes could causes an increase in the distance 
between the working electrode and the reference/auxiliary electrodes, meaning a larger 
resistance, resulting in a corresponding decrease in the current output. If the electrodes 
were inserted together in one needle, any movement would more likely move all three 
electrodes in unison, (see Section 7.2.2).  Movement of the reference/auxiliary 
electrodes may cause them to touch the glass capillary surrounding the fibre, affecting 
the resulting currents.  The fragility of carbon fibres can also make them unsuitable for 
the application of muscle tissue pH sensors, as any movement, particularly that 
resulting from the application or removal of the tourniquet, can cause the small fibre 
to break. The heterogeneity of tissues makes it necessary to specify the exact 
anatomical location21 and orientation22 of microelectrodes, however, due to the 
location of electrodes through separate sites, this could not be guaranteed.23 
 
 
Figure 7.2: CVs showing the instability of FBRR/CFEs implanted in muscle tissue. 
 
The post-surgical electrodes were then recycled in PBS, in-vitro, to evaluate whether 
they were still functioning. As Figure 7.3 demonstrates, the post-surgery electrodes 
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exhibited similar CVs to those of bare electrodes, resulting from the possible fracture 
of the fibres, this was confirmed by examination under a light microscope. 
 
 
Figure 7.3: CVs, calibration and post-surgery, of FBRR/CFEs indicating the fracture of the fibre.  
 
7.2.2 FBRR Modified CPEs 
CPEs have been well documented for in-vivo applications.22, 24, 25 The leeching of 
pasting oil from their surface, when in contact with proteins and lipids, leads to their 
long term stability during in-vivo monitoring techniques.4, 26 Their application as real-
time pH sensors, in muscle tissue, is discussed in this section. Perturbations in pH were 
incurred through the hind limb ischemia model leading to a drop in pH, or injection of 
NaHCO3 to inflict a rise in pH.  
 
7.2.2.1 Effect of Lowering Tissue pH 
In order to examine the suitability of FBRR/CPEs for use as real-time voltammetric 
pH sensors, the electrodes were modified as described in Section 4.4, and subsequently 
calibrated in PBS solutions of pH 7.2, 7.4 and 7.6. The order of solution pH was 
randomly selected to remove any hysteresis effects. The linear regression data obtained 
are shown in Table 7.2. These show a response of -57.00 ± 2 mV/pH, (R2 = 0.9991, n 
= 5).  When compared to the corresponding results for CFEs in Figure 7.1, the error 
bars for FBRR/CPEs show a far improved inter-electrode variability, see Figure 7.4. 
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Figure 7.4: pH sensitivities for the calibration of FBRR/CPEs prior to in-vivo testing, n = 5. 
 
Table 7.2: Linear regression data for FBRR/CPE calibrations.  
 Slope (mV/pH) SEM n R2 
Calibrate -57.00  1.73 5 0.9991 
 
The modified CPE sensors, n = 4, were then inserted into the hind limb muscle of 
anaesthetised animals, along with an Ag/AgCl pseudo reference electrode and a silver 
wire auxiliary electrode. All three electrodes were inserted together, within an 18 
gauge needle, (inner Ø = 0.84mm). Recording lasted for 200 cycles, (equivalent to 100 
minutes), from -0.80 V to 0.70 V vs. Ag/AgCl at 100 mV/s as follows: 
Cycles 1-90: Electrode settling period, see Figure 7.5(B). 
Cycles 91-110: Induction of ischemia/ tourniquet applied, see Figure 7.5(C). 
Cycles 111-200: Treatment reversed/tourniquet released, see Figure 7.5(D). 
The selected partial CVs in Figure 7.5 show that the oxidation peaks were well defined. 
Figure 7.5(A) shows a selection from all stages of the experiment. The 90th cycle, 
recorded at the end of the settling phase, had its peak potential located at ca. -0.070 V 
vs. Ag/AgCl. Tissue oxygenation is dependent on a constant supply of oxygen and 
blood circulation carries oxygen to tissues.27 Reduction  in oxygen levels leads to a 
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decrease in tissue pH.28 This was clearly shown by the shift in the anodic peak potential 
for the recordings, taken 10 and 20 cycles, after the tourniquet was applied, exhibiting 
a shift in the potential to -0.015 V and 0.00 V vs. Ag/AgCl, respectively. This shift in 
potential, which likely corresponds to  a change in pH, due to the onset of ischemia, 
highlights the effectiveness of tissue pH monitoring.8 This was further corroborated by 
Takano et al, who demonstrated that monitoring muscle pH, gives an earlier indication 
of blood flow decrease, than if monitoring blood pH.3 Figure 7.5(A) shows recordings 
that were made during the recovery period, 50 and 90 cycles after the tourniquet was 
removed. These show a reverse shift in the peak potential, to -0.02 V and -0.05 V vs. 
Ag/AgCl, respectively. It was noted that the peak potentials did not return to their 
original level, in the time allowed for recovery, however, homeostatic levels would 
have returned soon after.   
 
Figure 7.5: Section of oxidation peaks from CVs recorded (A) before during and after the ischemic 
event, and separately, (B) before ischemia was induced, (C) during the ischemic event and (D) the 
recovery period, n = 4. 
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Figure 7.5(B) shows the settling period of the electrodes, every 10th cycle, prior to the 
onset of ischemia. Just like the corresponding in-vitro characterisation, see Section 
4.2.3.11, they required several cycles to obtain consistent peak potential values, 
although, as expected, in-vivo settling was not as clearly defined as its in-vitro 
counterpart. Figure 7.5(C) shows every 4th cycle during the ischemic episode, with a 
gradual shift to a more positive potential over time, possibly indicating a decrease in 
pH, and Figure 7.5(D) shows a gradual shift towards a more negative potential once 
the tourniquet had been released, indicating a likely increase in pH.  This change in 
potential, and therefore possibly pH, occurred during ischemia, probably due to  
increased levels of lactate in the tissue, which was gradually decreased upon 
reperfusion.8 These CVs show that the FBRR/CPE sensors have clearly monitored the 
change in potential, which most likely corresponds to pH, during the onset of ischemia 
in muscle tissue, and the eventual return towards pre-insult potential levels. During 
reperfusion, ischemia may not be reversed to the effected tissue immediately. Blood 
may flow quickly to some areas, releasing oxygen, whereas other areas may be slowly 
perfused, leaving them hypoxic for several minutes.29 This effect is more pronounced 
after longer spells of ischemia.8  
Unlike FBRR/CFEs in-vivo, see Section 7.2.1.1, the CPEs displayed consistent CVs. 
This was likely because the three electrodes were all inserted into the tissue through 
one needle, maintaining them in the same plane, and hence, they were more likely to 
record from similar layers of tissue. Movement of the muscle, especially during the 
application and removal of the tourniquet, had a minimal effect on the currents, as the 
three electrodes were likely to move in unison, maintaining a constant distance 
between the working, reference and auxiliary electrodes.  
Figure 7.6(A) shows how the peak potential changed over the duration of the 200 
cycles, (100 minutes), of the experiment, with Figure 7.6(B) showing the inset area 
where the tourniquet was applied, inducing ischemia. The significant potential 
increase, from pre-insult levels of ca. -0.052 V to -0.017 V vs. Ag/AgCl, (P < 0.0001) 
was clearly evident immediately after the tourniquet was applied. These electrodes 
were calibrated as having a pH sensitivity of -57 ± 2 mV/pH, (see Table 7.2). Using 
these values, a proposed pH shift of ca. 0.65 pH units resulted from the ischemic 
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episode, causing in a drop to pH 6.75, assuming a pre-ischemia pH value of 7.4.  This 
decrease is consistent with literature values reporting a pH drop of 0.70 pH units after 
60 minutes.30  During ischemia, tissue pH can drop to as low as 6.0 – 6.5 in-vivo.31   
Post-ischemic tissue was shown to return to a pH value of 7.25, indicated by a potential 
shift from -0.015 V to -0.044 V vs. Ag/AgCl (P = 0.0926), not quite making a full 
recovery to the pre-ischemic value, in the allocated recording time.  
As temperature causes a shift in pH, and therefore a potential shift, part of the observed 
potential should be attributed to temperature. However, the Rosenthal correction factor 
allows for a shift of 0.015 pH units per °C. As the pH shift in Figure 7.6 was estimated 
at 0.65 pH units (a temperature change of 43.3°C), a substantial proportion of the shift 
obtained can be attributed to pH.  
During ischemia anaerobic metabolism ensues as there is insufficient oxygen to carry 
out aerobic processes for ATP generation. During anaerobic metabolism energy is 
produced at a lower rate than it is consumed resulting in a decrease in ATP levels and 
decreased heat generation within the tissue. Because of reduced perfusion levels and 
decrease in metabolic heat generation, tissue temperatures can be lower than the 
surrounding tissue.32 However, infection can result in a localised increase in 
temperature at the wound/injection site. Changes of up to 4°C have been reported 
between periwound skin temperature and local wound infection temperature.33 As the 
highlighted area in Figure 7.6(A) indicates a potential change of 0.0316 V vs. 
Ag/AgCl, a temperature change of ca. 4°C would account for 0.060 pH units. This is 
equivalent to 0.0035 V (using the calibration response of -57 mV/pH). The estimated 
potential change is then 0.028 V vs. Ag/AgCl, which equates to 0.49 pH units, a 
substantial pH shift in biological terms. Figure 7.4 indicates an error of ca. 0.006 V vs. 
SCE for the calibration potentials observed, resulting in a potential shift of 0.028 ± 
0.006 V, equivalent to a pH change of 0.49 ± 0.10. 
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Figure 7.6: (A) Plot of the change in peak potential with time, pre-, during and post-ischemia, for in-
vivo recordings using FBRR/CPEs, (B) Close up showing the ischemic event, n = 4.  
 
The post-surgical FBRR/CPEs were removed and rinsed with water. They were 
subsequently cycled under the in-vitro calibration conditions. Figure 7.7(A) shows the 
resulting CVs along with the calibration CVs at pH 7.2, 7.4 and 7.6. The increase in 
currents obtained when cycling the modified CPEs in-vivo is evident, possibly due to 
electrode fouling by the tissue matrix, affecting mass transport at the electrode surface, 
and the more resistive nature of the tissue. When compared to FBRR/CPEs stored in 
homogenised brain tissue, (see Section 5.2.3.4), the currents obtained in-vivo were 
similar to those obtained after 1 day ex-vivo. The peak potentials also shifted to a more 
positive potential when cycling in-vivo, similar to ex-vivo, indicating that the surface 
fouling caused the oxidation of FBRR to be less thermodynamically stable.34 Figures 
7.7(B) and (C) show the isolated oxidation peaks for the calibration and post-surgery, 
respectively.  The potential, x-axis, scales show identical ranges, to emphasise the 
difference in peak widths pre- and post-surgery, due to electrode fouling in the tissue 
matrix. However, these peaks were still clearly defined and information on the location 
of the peak potentials could be extrapolated. The pH sensitivities are shown in Figure 
7.8, with the corresponding linear regression data in Table 7.3. Pre- and post-surgery 
electrodes had sensitivities of -57 ± 1.7 and -60 ± 0.7 mV/pH, respectively. These 
differences were deemed insignificant when compared using unpaired t-tests (P = 
0.1610). The inter-electrode variability remained similar to pre-surgery levels, 
demonstrated by the comparable size of the error bars.   
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Figure 7.7: (A) Calibration and post-surgery CVs, in-vitro, of FBRR/CPEs, with the anodic peaks of 
the calibration (B), n = 5, and post-surgery (C), n = 4. 
 
 
Figure 7.8: Linear regressions of the pH sensitivities of FBRR/CPEs pre- and post-surgery. 
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obtained. The calibration CVs, at pH 7.4, located the peaks at ca. -0.030 V vs. SCE, 
while the in-vivo potential, at an assumed pH of 7.4, was -0.070 V vs. Ag/AgCl, a 
difference of ca. -40 mV, close to the literature value of -44 mV,35 (see Section 5.2.12). 
The increased temperature, in-vivo, could also cause the peaks to locate to a more 
negative potential, by ca. –18 mV vs. SCE, (see Section 5.2.11). However, it was 
demonstrated in Section 5.2.3.4, that electrode fouling caused the oxidation peaks to 
relocate to a more positive potential. 
 
Table 7.3: Linear regression data for FBRR/CPEs pre- and post-surgery. 
 Slope (mV/pH) n R2 P-value 
Calibrate -57.00 ± 1.7 5 0.9991 
0.1610 
Post-surgery -60.00 ± 0.7 4 0.9999 
 
7.2.2.2 Oxygen and pH 
Oxygen is an essential element for sustaining most living organisms. As it is distributed 
by the vascular system, reduced oxygen levels in tissue can arise from conditions 
involving defective vasculature. These conditions include ischemic disorders, diabetes 
and cancer.36 It is well documented that tissue ischemia occurs when blood flow is 
restricted, resulting in inadequate oxygen supply to the affected region. 9, 37, 38. This 
results in a rise in lactic acid8 concentrations along with CO2.
39  A relationship has been 
established between the tissue oxygen supply and the production of the oxidative 
metabolite, CO2, which directly affects the pH.
39, 40 
To further reinforce the data in Section 7.2.2.1, where tissue ischemia resulted in a 
potential shift, indicating a probable pH change, the change in potential was plotted as 
a percentage change against time. This was then overlaid on data, aquired within the 
research group, of the percentage change in oxygen incurred during an ischemic event, 
see Figure 7.9. The oxygen data was acquired using CPA, this accounted for the 
smoother response, as more data points were collected, whereas, CV gave a data point, 
for the anodic peak potential, every 30 s. The oxygen data was for 12 sensors from 6 
animals, (courtesy of Dr. Niall Finnerty), while the potential data was for 4 sensors 
from 4 animals.  
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Figure 7.9 shows how the % change in potential closely follows the trend for % 
oxygen. This result endorsed the successful functioning of FBRR/CPE pH sensors and 
showed that monitoring tissue pH may be used as a reliable indicator of the onset of 
tissue ischemia, or other conditions caused by reduced oxygen levels, e.g., cancer. 
Similar trends were also found by Troitzsch et al,30 where comparisons were made 
between PO2, (partial pressure of oxygen), and pH.  
 
 
Figure 7.9: Comparison plot of the percentage change in oxygen, and therefore pH, (n = 12 sensors 
from 6 animals) and peak potential/pH, (n = 4 sensors from 4 animals), during tissue ischemia.  
 
7.2.2.3 Effect of Increasing Tissue pH 
Section 7.2.2.2 demonstrated that the FBRR/CPE pH sensors successfully monitored 
a potential change which can possibly be attributed to a decrease in tissue pH, caused 
by the withdrawal of oxygen, with the subsequent partial recovery of the affected 
tissue. In order to further assess the suitability of the FBRR/CPEs as functioning real-
time pH sensors, they were tested, in-vivo, while inducing a pH increase. This was 
implemented by local injection of NaHCO3. Literature values use between 32 mM
41 
and 100 mM10  solutions of bicarbonate, for the treatment of acidosis. In this section, 
the concentration used was 45 mM NaHCO3.
14, 15 
The CPEs were modified as described in Section 4.3, and then calibrated in PBS 
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remove any hysteresis effects. The linear regression data obtained are shown in Table 
7.4. These show a response of -58.75 ± 4 mV/pH, (R2 = 0.9962, n = 4).  
The modified CPE sensors. n = 4, were then inserted into the hind limb muscle of 
anaesthetised animals, along with an Ag/AgCl pseudo reference electrode and a silver 
wire auxiliary electrode. All three electrodes were inserted together, within an 18 
gauge needle, (inner Ø = 0.84mm). Recording lasted for 200 cycles, (equivalent to 100 
minutes), from -0.80 V to 0.70 V vs. Ag/AgCl at 100 mV/s as follows: 
Cycles 1-89: Electrode settling period. 
Cycles 90: 1st 45 mM NaHCO3 injection (0.1 ml). 
Cycles 100: 2nd 45 mM NaHCO3 injection (0.1 ml). 
Cycles 110: 3rd 45 mM NaHCO3 injection (0.1 ml).  
Cycles 120-200: Tissue recovery. 
 
Table 7.4: Linear regression data for FBRR/CPE calibrations. 
 Slope (mV/pH) SEM n R2 
Calibrate -58.75  4 4 0.9962 
 
The selected partial CVs, in Figure 7.10, show that the oxidation peaks were well 
defined. Figure 7.10 (A) shows a selection from all stages of the experiment. The 90th 
cycle, recorded at the end of the settling phase, had its peak potential located at ca. -
0.074 V vs. Ag/AgCl.  The peaks obtained 5 cycles after each of the injections, are also 
displayed in Figure 7.10 (A) and separately in Figure 7.10 (B). These show a shift to a 
more negative potential, from ca. -0.076 V to -0.094 V vs. Ag/AgCl, inferring an 
increase in pH.   Also shown in Figure 7.10 (A) are the anodic peaks obtained after 50 
and 90 cycles of tissue recovery, located at ca. -0.072 V and -0.068 V vs. Ag/AgCl, 
respectively.  These results clearly demonstrate the functioning of FBRR/CPEs as 
successfully monitoring potential changes possibly indicating a pH shift, following an 
initial increase in potential after injection of NaHCO3 and the partial recovery 
thereafter. Analyses of these peak potential shifts are shown in Table 7.5. They show 
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that the shift in the peak potential did not become significant until after the third 
injection of NaHCO3, (P = 0.0438) and had recovered to non-significant levels by the 
50th cycle of recovery, (P = 0.8570). 
 
 
Figure 7.10: (A) Anodic peaks recorded over the course of an in-vivo experiment to increase local tissue 
pH, and (B) the anodic peaks obtained 5 cycles after each injection of 45 mM NaHCO3, n = 4. 
 
Table 7.5: Statistical analyses of the potential shift achieved 5 cycles after injecting 45 mM NaHCO3 
into muscle tissue in-vivo. 
 
Peak Potential 
V vs. Ag/AgCl 
SEM n 
P-value 
vs. Pre C90 
Pre C90 -0.074 0.007 4 NA 
Injection 1 -0.076 0.002 4 0.7927 
Injection 2 -0.076 0.003 4 0.8016 
Injection 3 -0.092 0.001 4 0.0438 
Post C50 -0.072 0.008 4 0.8570 
Post C90 -0.068 0.001 4 0.4287 
 
 
Figure 7.11(A) shows how the peak potential changed over the duration of the 200 
cycles of the experiment (100 minutes), with Figure 7.11 (B) showing the inset area 
where the injections were administered, causing a decrease in the peak potential, 
probably corresponding to a pH increase. It was noticeable that, immediately after the 
1st and 2nd injections, there was an unexpected increase in the peak potential, which 
was interpreted as injection stress. Contrary to the information displayed in the CVs in 
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Figure 7.10, a larger drop in anodic peak potential was recorded between the 2nd and 
third injection, at -0.094 V vs. Ag/AgCl, although this was still not significant, (P = 
0.1338), and a further drop after the 3rd injection was recorded at -0.110 V vs. Ag/AgCl, 
(P = 0.0030). This showed that it took time for the NaHCO3 to take effect. The 1
st 
injection showed no response within the 5 minute period between injections, the 2nd 
caused a drop to a minimum value 3 minutes after injection, before levelling off. The 
third injection gave an immediate response, possibly masking the injection stress, in 
this case. The maximum decrease was observed 2 minutes after the 3rd injection, 
followed by the immediate onset of recovery. 
 
Figure 7.11: (A) Plot of the change in peak potential with time, pre-, during and post- NaHCO3 
injections, for in-vivo recording using FBRR/CPEs, (B) Close up showing the effect of the three 
NaHCO3 injections, n = 4. 
 
The FBRR/CPEs used in this section were calibrated with a pH response of -58.75 ± 4 
mV/pH.  Assuming a baseline pH of 7.4, the drop in peak potential, from -0.074 V to 
a minimum -0.110 V vs. Ag/AgCl, corresponded to a pH rise of 0.61 to 8.01 units, 
resulting in severe alkalemia11 or alkalosis. As discussed in Section 7.2.2.1, some of 
this shift may be due to a change in temperature, but increasing temperature causes a 
positive shift in pH, so only decreasing temperature could detract from the shift in 
potential observed here. Any infection caused by the insertion of the device would 
result in a local increase in temperature. Also the potential shift here was estimated at 
0.61 V vs. Ag/AgCl, corresponding to a temperature change of 40.6°C. Therefore a 
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substantial proportion of the potential shift can most likely be attributed to a pH 
change.  
The post-surgical FBRR/CPEs were removed and rinsed with water. They were 
subsequently cycled under the in-vitro calibration conditions. Figure 7.12(A) shows 
the resulting CVs, along with the calibration CVs, at pH 7.2, 7.4 and 7.6. The increase 
in currents obtained when cycling the modified CPEs in-vivo was evident, possibly 
due to electrode fouling by the tissue matrix, affecting mass transport at the electrode 
surface and the more resistive nature of the tissue. Figures 7.12(B) and (C) show the 
anodic peaks of the calibration and post-surgery CVs, respectively. The calibration 
peaks were more clearly defined, whereas, the post-surgery peaks were broadened, 
indicative of the slower electron transfer, due to surface fouling by the tissue matrix. 
It was also apparent that there was a shift in the potentials, post-surgery, to a more 
positive value as the exposure to physiological conditions caused the oxidation of 
FBRR to be less thermodynamically stable.13 
 
Figure 7.12: (A) Calibration and post-surgery CVs, in-vitro, of FBRR/CPEs, with the anodic peaks of 
the calibration (B), and post-surgery (C), n = 4. 
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The pH sensitivities of FBRR/CPEs pre- and post-surgery are shown in Figure 7.13, 
with the corresponding statistical analyses in Table 7.6. They show a non-significant 
change in the sensitivities from -58.75 ± 4 to -50.00 ± 10 mV/pH, respectively, (P = 
0.3811). The small error bars achieved here, are indicative of the low inter-electrode 
variability obtained throughout this thesis when using FBRR/CPEs. 
 
Table 7.6: Comparison of the pH sensitivities of FBRR/CPEs, pre- and post-surgery, n = 4. 
 Slope (mV/pH) n R2 P-value 
Calibrate -58.75 ± 4 4 0.9962 
0.3811 
Post-surgery -50.00 ± 10 4 0.9643 
 
 
 
Figure 7.13: Linear regressions comparing the pH responses of FBRR/CPEs, pre- and post-surgery, n 
= 4. 
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Figure 7.14: SEM micrographs and EDX recorded for FBRR/CPEs after implantation into muscle 
tissue in-vivo. 
 
Figure 7.14 shows a selection of SEM micrographs of FBRR/CPEs post-surgery, along 
with a typical EDX. The surface morphology, after implantation in the tissue, appears 
similar to those in Figure 5.30, after storage in homogenised brain tissue. The surface 
oil has been drawn out pulling the paste away from the Teflon® insulation, leaving a 
more powder-like carbon surface.  CPEs have been found to be stable in-vivo for 
several months,22 due to the interaction between the pasting oil and lipids, restricting 
electrode fouling caused by proteins.4 There was also evidence that the carbon paste 
may have been pulled outwards from the Teflon® insulation during the removal of the 
electrode, along with some muscle tissue.   
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7.3 Conclusion 
Chapter 7 of this thesis discussed the in-vivo application of FBRR modified carbon 
sensors, under physiological conditions, and their ability to function as real-time, 
voltammetric, pH sensors. Section 7.2.1 considered CFEs, and found that although the 
in-vitro calibration resulted in near Nernstian sensitivities, once the electrodes were 
surgically inserted the ensuing CVs were erratic, and no recordable data was obtained. 
This was because, although the fibre diameter was 7 µm, the glass capillary 
surrounding them had a diameter of 1.5 mm. This necessitated their implantation, into 
the tissue, through a large bore needle, and the reference/auxiliary electrode bundle 
was inserted separately. The distance between the working electrode and the 
reference/auxiliary electrodes varied with movement of the muscle, resulting in sudden 
increases and decreases in the current output, as the tissue matrix provides a highly 
resistive medium. Any increases in resistance, restricted the mass transport to the 
electrode surface, causing lower currents. On examination of the electrodes post-
surgery, they were found to have broken at some stage during the procedure.  It was 
concluded that FBRR/CFEs were unsuitable for use in muscle tissue under the surgical 
protocol that was licensed to the research team.  As such, no further in-vivo testing of 
FBRR/CFEs was carried out. 
Section 7.2.2, discussed the performance of FBRR/CPEs during in-vivo testing. A 
decrease in tissue pH was induced by the onset of ischemia, caused by the application 
of a tourniquet to the hind limb of the animal, cutting off the oxygen supply. Consistent 
CVs were obtained as all three electrodes were inserted within the same introduction 
needle, reducing the distance between them, and the effect of movement, keeping the 
current output stable. Upon ischemia, a significant shift in potential to a more positive 
value, i.e., lower pH, was observed, (P < 0.0001), which did not fully recover when 
the tourniquet was released. Although the local muscle temperature was not monitored 
during the surgery, only a small fraction of the potential shift can be attributed to a 
temperature change. Following on from the in-vitro studies carried out throughout this 
thesis, the change in potential is most like caused by a shift in pH. Pre- and post-
surgical calibrations of the electrodes, in-vitro, showed no difference in their pH 
sensitivities, (P = 0.1610). 
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The data obtained in Section 7.2.2.1 were adapted to show the percentage change in 
the anodic peak potential. These were overlaid with data, from the research team, 
showing the percentage change in oxygen during similar ischemic events, resulting in 
similar trends, confirming the relationship between tissue oxygen concentration and 
the potential shift probably caused by changing pH. 
Finally, the FBRR/CPEs were examined under conditions where the pH was increased, 
by the addition of NaHCO3 to the muscle tissue. Prior to the 1
st injection of 45 mM 
NaHCO3, steady CVs were recorded. A change in the potential was not evident until 3 
minutes after the 2nd injection, but a significant difference was not found until after the 
3rd injection (P = 0.0030). Recovery of the potential was almost immediate, fully 
recovering to the original value within 50 cycles, (25 minutes). Pre- and post-surgical 
calibrations of the electrodes showed no difference in their pH sensitivities, (P = 
0.3811). 
The results from this chapter show a clear advantage of CPEs over CFEs due to the 
design and fragility of the fibres used. The FBRR/CPEs functioned exceptionally well 
during in-vivo testing, compounding their ability to monitor the potential shift most 
likely attributed to real-time changes in pH.  
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8.1 Conclusions 
Chapter 3 of this thesis involved the investigation of the electrochemical properties of 
different morphologies of PPy. Pyrrole was electrodeposited onto gold electrodes in 
two conformations, bulk and nanowire. The polymers were deposited from the same 
conditions, but altering the electrolyte solution pH, to obtain the different 
morphologies. CV studies revealed that the bulk polymer had a much higher 
capacitance than the nanowires due to its larger surface area. A second bulk polymer 
with a similar surface area to that of the nanowire polymer was subsequently deposited, 
CV showed these two polymers to have similar capacitances.   
The electrochemical properties of the polymers were compared using EIS. Bare gold 
electrodes were compared to the PPy modified electrodes. The Nyquist plots revealed 
considerable differences in the resulting impedance spectra. The results were fitted to 
the same equivalent circuit, enabling easy comparison of the electrical properties. 
Modification with both morphologies of PPy, nanowire and bulk, improved the 
electronic properties of the films, illustrated by the reduction of the polymer 
resistances.  
The impedance experiments were carried out over various potentials to examine the 
effect of the applied potential on the polymers. The bulk polymer, grown for 300 s, 
displayed characteristics of over-oxidation at an applied potential of 0.50 V vs. SCE, 
which were not evident in the nanowire film. There was a clear change in the shape of 
the Nyquist plots with the negative shift in potential, indicating that the 
electrochemical properties of PPy films varied as the polymer changed from an 
oxidised to a reduced state. The effect of the electrolyte pH on the electronic 
characteristics of the films revealed that the polymers stored less charge in an alkaline 
solution.  
It must be stated clearly here, that the bulk and nanowire polymers formed in this 
section were not optimised for their electrochemical properties. They were specifically 
designed to form from either the same deposition conditions, or be of similar 
electroactive surface area.  
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The main aim of the research carried out in this section was to develop a robust, 
miniaturised, voltammetric pH sensor, which could accurately detect pH changes in 
physiological environments. Real-time monitoring of pH levels is important for many 
reasons. Tissue oxygenation, and therefore pH, is severely disturbed during 
pathological illnesses such as stroke and cancer.40 Tumour pH, for example, is more 
acidic than that of normal tissue in both animals and humans, due to elevated levels of 
anaerobic and aerobic glycolysis.41 Most estimates of tissue pH have been obtained by 
insertion of pH electrodes,42 many of which are too large to obtain precise localised 
readings. A pH sensitive quinone, FBRR, was electrochemically deposited onto carbon 
surfaces. The 2e-/2H+ quinone/hydroquinone redox process results in potentiometric 
equilibrium potentials which vary with pH in a Nernstian manner.  
Chapter 4 investigated the optimal deposition parameters of FBRR onto CPEs. The 
electrochemical techniques of LSV and CV were employed, using either acidic43 
(H2SO4) or organic
44 (TEABF4/ACN)  electrolyte solutions. Although the reduction of 
aryl diazonium salts generally results in multilayers,45 the formation of a uniformly 
distributed monolayer of FBRR on the substrate was desirable in order to minimise the 
diffusion layer thickness46 therefore increasing the electron transfer kinetics.  This was 
achieved by optimising the number of deposition sweeps or cycles. Other deposition 
parameters optimised included the scan rate, age of the deposition solution and 
potential window applied.  
The deposition of FBRR, by LSV in TEABF4/ACN, resulted in broad ill-defined redox 
peaks, impeding the ability to precisely locate the peak potentials. Similar deposition 
by CV resulted in improved, yet broad redox peaks, indicative of slow electron 
transfer, possibly due to the presence of the non-conducting silicon oil in the CPE or 
due to the formation of multi-layers of FBRR on the surface, increasing the diffusion 
layer thickness. As the TEABF4/ACN has a similar polarity to the silicone oil 
contained in the CPEs, it is likely that some oil is removed from the electrode surface, 
leaving a more carbon-like electrode. The decrease in the silicone oil content facilitates 
the reduction of FBRR onto the surface, enabling the formation of multilayers, which 
increase the diffusion layer thickness. The resulting modified electrodes were cycled 
in PBS solutions with pH values relevant to biological media, i.e., between 7.2 and 7.6. 
The cycling parameters were investigated, including scan rate and the optimum 
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potential window, which would give well defined reproducible redox peaks. All 
deposition of FBRR in TEABF4/ACN resulted in inconsistent non-Nernstian pH 
sensitivities. The existence of a second oxidation peak in all CVs was investigated and 
it was concluded that it resulted from ZnCl2, which was present in the FBRR salt. 
Methods to reduce the interfering effect of the ZnCl2 were devised. The 
electrodeposition of FBRR using H2SO4 as the supporting electrolyte was also carried 
out using the techniques of CV and LSV. Although improved pH sensitivities resulted 
from the CV deposition, the peaks remained broad.  However, deposition by LSV, 
yielded well defined peaks, with Nernstian pH sensitivities of ca. -59 mV/pH. The 
introduction of the acidic electrolyte solution was beneficial to the sensor design, 
possibly enabling the deposition of FBRR in monolayers. Throughout the optimisation 
process, the anodic peak, of the resultant CVs, consistently displayed sharper, more 
defined peaks than the cathodic peaks, facilitating the extrapolation of peak potentials 
for pH sensitivity analyses. The electrodes remained stable over time, (ca. 3.5 hours), 
with little or no drift in their pH response. 
Once the sensor design was optimised and it was capable of recording real-time in-
vitro pH changes, a rigorous regime of test conditions were applied to the working 
sensor, in order to evaluate its long term stability and its suitability for use in the harsh 
in-vivo environment. Calibrated, modified CPEs were stored at 4°C in air and N2, for 
up to 1 month before being re-calibrated. Storage under N2 gave inconsistent results 
with significant differences between pre- and post-storage calibrations, (P < 0.05), 
however, no significant differences were uncovered when the electrodes were stored 
in air, (P > 0.05).  
The biocompatibility of the modified electrodes was studied by cycling and storing 
them in lipid, protein and surfactant solutions. Consistent fouling of the electrodes, 
along with the removal of silicone oil from the electrode surface, resulted in increased 
capacitances in all cases examined. It was suggested that some FBRR was also lost 
along with the oil. However, it was observed that cycling the sensors in the 
aforementioned solutions proved less detrimental to the appearance of the redox peaks 
than storage. The constant application of cathodic and anodic potentials seemed to 
prevent the build-up of material on the electrode surface. A more relevant 
biocompatibility test was performed using ex-vivo brain tissue, which, even after 28 
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days storage, exhibited pH sensitive redox peaks. As the silicone oil was withdrawn 
from the electrode surfaces, a study was carried out into the extent of this loss after 
storage and cycling in the various treatments. Analyses confirmed that more oil was 
lost during storage. SMCPEs were introduced in an attempt to reduce the amount of 
oil lost from the sensors.47 Once the optimum styrene:paste ratio was attained, the 
biocompatibility tests were repeated. Upon cycling the resulting electrodes, lower 
currents were obtained, possibly indicating a reduction in the oil loss. This was 
confirmed by EDX. Real-time testing of the SMCPEs revealed good pH sensitivity of 
ca -60 mV/pH. However, as the styrene modification added two days to the 
manufacturing process, without substantially improving their response, the treatment 
was deemed unnecessary.  
Within the in-vivo environment exists a substantial number of endogenous 
electroactive species that could interfere with the oxidation peak of FBRR at CPEs. A 
full and comprehensive study into their effects, and those of some pharmacological 
interferences, on the oxidation peak of the modified electrodes was executed.  The 
sensors were cycled in solutions containing physiologically relevant concentrations of 
these substances in order to mimic the in-vivo environment. Some of these 
interferences caused a shift in pH of the electrolyte solution and when this was 
incorporated into the analyses, there were no significant differences in pH sensitivities 
pre- and post- treatment, (P > 0.05). A particular limitation of optical pH sensors is 
their response to changing the solution ionic strength. The voltammetric sensor was 
subjected to increased and decreased ionic strengths without affecting its sensitivity. 
As pH is temperature dependent, and all previous tests were performed at room 
temperature, the sensors were tested at 37°C, to examine their operating viability in 
living tissue. To further mimic in-vivo conditions, a pseudo Ag/AgCl reference 
electrode replaced the SCE that had been utilised in all previous in-vitro testing. Both 
these tests confirmed the successful operation of the FBRR modified CPEs and deemed 
them suitable for use in the challenging clinical environment.  
Chapter 6 investigated the use of FBRR modified CFEs as pH sensors. As the CPEs 
had an inherent disadvantage due to the oil loss from their surface, the homogeneous 
formation of carbon fibres should be advantageous. Also the CPEs had an overall 
diameter of 0.27 mm, whereas the fibres were only 7 µm in diameter. This reduced 
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size would cause less trauma on insertion into living tissue. The optimised deposition 
parameters obtained for CPEs were applied here, but proved unsuccessful, attaining a 
non-Nernstian pH sensitivity of -130 ± 39 mV/pH. Also, the redox peaks disappeared 
over time indicating that covalent attachment of the FBRR to the carbon substrate had 
not been achieved.  
The electrochemical pre-treatment of carbon electrodes has been widely used to 
improve electrode response48 and increase electron transfer kinetics,49 by scratching 
the surface thereby increasing the surface area50 or by forming oxides on the electrode 
surface.51 Because the surface oxides formed during electrochemical pre-treatment 
may include H atoms, the pH of the solution used plays an important role, 48 so 
electrochemical pre-treatments were performed in acidic, neutral and alkaline 
solutions, at various potentials and time intervals. The optimum pre-treatment was the 
application of a constant potential of 2.0 V vs. SCE for 30 s followed by -2.0 V vs. 
SCE for 10 s, in a 0.1 M H2SO4 solution. The anodic peaks were further improved by 
depositing the FBRR from a solution of 0.1 M TEABF4/ACN, and not H2SO4 as for 
CPEs and achieved a pH sensitivity of -55 ± 0.7 mV/pH, n = 20.  However, the 
modified CFEs were not as reliable as their CPE counterpart. Inter-electrode variability 
became an issue, leading to large errors when the sensor was subjected to real-time pH 
testing, with a sensitivity of -67 ± 6 mV/pH.  
The main reason for developing the pH sensor on CFEs was to eliminate the oil loss 
that occurred with CPEs. The modified CFEs were subjected to treatment in protein, 
lipid and a surfactant, giving almost identical results pre- and post-treatment after 24 
hours. This outcome gave the CFEs an advantage over modified CPEs. The long term 
stability was examined by storing the electrodes in air and N2 for up to 1 month, with 
no change in their sensitivities. The CFE pH sensor was then subjected to a similar 
regime of tests to ascertain the suitability for its use in the physiological environment. 
These tests included physiological and pharmacological interferences, temperature, 
ionic strength and changing the reference electrode. All resulted in non-significant 
differences, before and after treatment, (P > 0.05), except increasing the temperature 
to 37°C (P = 0.0208). The issue with reproducibility remained for the CFE sensor, and 
proved to be a major limitation in the sensor design.  
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Finally, Chapter 7 introduced a working application of the miniaturised, voltammetric 
pH sensors, where the working, auxiliary and reference electrodes were inserted, 
through a catheter, into the hind limb of anaesthetised rats. The modified CFEs proved 
problematic. Due to the glass capillary, surrounding the fibre, insertion of the working 
electrode was through a separate catheter. The proximity of the electrodes in the system 
could not be guaranteed, due to movement and the highly resistive nature of the 
muscle. This caused fluctuations in the currents obtained. The fragility of the CFEs 
also resulted in fracture of the sensors.  
CPEs, on the other hand, proved very successful at recording pH fluctuations in living 
tissue. Perturbations in pH were incurred through the hind limb ischemia model 
leading to a drop in pH, or injection of NaHCO3 to inflict a rise in pH. On insertion, 
the sensors were allowed to equilibrate before inducing ischemia by application of a 
tourniquet. The ischemic event was continued for a period of 10 minutes and showed 
a significant change in pH, (P < 0.0001), corresponding to a drop of 0.65 pH units, 
before the tourniquet was released and the tissue pH was allowed to recover. The 
modified CPEs were calibrated in-vitro before implantation and then post-surgery 
resulting in no significant difference in their pH sensitivities (P = 0.1610). 
Tissue ischemia occurs when blood flow is restricted, resulting in inadequate oxygen 
supply to the affected region.35 Tissue oxygen data, acquired during ischemic events, 
was supplied by Dr. Niall Finnerty, Maynooth University, and was compared directly 
with the potetial response from the CPE pH sensor. The pH sensor closely mirrored 
the oxygen data, demonstrating the successful operation of the sensor and that 
monitoring tissue pH can be used as a reliable indicator of the onset of tissue ischemia. 
To confirm the ability of the designed sensor to detect pH changes, injections of 
NaHCO3 were administered to the anaesthetised animals. This caused a shift in the 
peak potential, corresponding to a pH increase of 0.61 pH units, before the onset of 
recovery. Evidence of injection stress was also uncovered. Each sensor was calibrated 
pre- and post-surgery and revealed no significant difference in their pH sensitivities, 
(P = 0.3811). 
In conclusion, a miniaturised, voltammetric pH sensor was successfully developed. 
Modification of CPEs and CFEs with the quinone containing FBRR salt, resulted in 
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sensors with Nernstian pH sensitivities. The CPEs proved to be the optimal sensor 
substrate. These sensors remained calibrated for a period of at least 1 month, they 
showed little or no drift, were reliable, biocompatible, temperature and ionic strength 
stable and showed no ill-effects when subjected to physiological and pharmacological 
interferences. In-vivo testing revealed their successful monitoring of inflicted pH 
changes, increases and decreases, on anaesthetised animals. Their simple design and 
easy electrochemical modification makes their production cost  and time efficient. 
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